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Abstract
This thesis constitutes a general survey and a study of significant extensions to the 
usual conventional satellite radar altimetry. Historically radar altimeter has been 
configured to the measurement of mean sea level. It is well known that other statistics 
such as Significant Wave Height (SWH) and wind speed are in principle recoverable 
from the radar echo and these are currently of great interest.
It has been the aim in this thesis to optimize such measurements, for a general 
meteorological application, with less interest shown in absolute measurement of sea 
level. Current technology makes possible a total Earth survey using a constellation of 
small satellites, covering the entire Earth sea surface with short revisit time. Such 
solutions necessitate less cost, lower power, and less precise attitude control than the 
scientific satellites used hitherto.
The purpose of this thesis is to present a novel two mode radar altimeter for sea state 
monitoring. SWH is still measured by conventional high-resolution mode, which is 
not sensitive to off-nadir pointing. An additional novel low-resolution mode is 
proposed for wind speed measurement. By using this mode, wind speed measurement 
is much more robust to pointing error than by using conventional high-resolution 
mode. An improved wind speed measurement can be achieved by using a cost 
effective small satellite.
Some considerable time was also spent on incorporating SAR (Synthetic Aperture 
Radar) into altimetry techniques to improve the signal to noise ratio. For sea state 
monitoring the improvements are relatively disappointing, although greater 
improvement are expected for ice sheet monitoring.
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Chapter 1 Introduction
1.1 Development of Radar Altimeter
The conventiona l pulse lim ite d  radar a ltim e te r is  a m ature technique w ith  m ore than 
20 years opera tiona l experience. T h is a ltim e te r is  designed to  measure w ith  h ig h  
accuracy the m ean sea surface le ve l, ty p ic a lly  ach ieving  a few  centim eters error. I t  is  
also capable o f  m easuring o r m o n ito rin g  the actual sea state: the w ave he igh t and 
w in d  speed. Some other oceanographic in fo rm a tio n  can also be de rived  fro m  these 
m easurem ents, such as tides and ocean currents.
U p to  now  rem ote sensing radar a ltim e te rs have been op tim ized  p rim a rily  fo r 
operating over ocean, w h ich  is  re la tiv e ly  fla t com pared to  the land surface. R ecently 
scientists are also interested in  m easuring the  topograph ic surface such as land and ice 
sheets. One o f  the m a jo r problem s associated w ith  land and ice  a ltim e try  is  tha t the 
e x is tin g  rem ote sensing a ltim eters w o rk  in  a broad-beam  p u lse -lim ite d  m ode. F o r a 
fla t surface lik e  the sea, the firs t re tu rn  a lw ays comes from  the nad ir. B u t w hen th is  
radar a ltim e te r measures the topograph ic surface, the range m easurem ent is  made no t 
necessarily to  the nad ir p o in t, bu t to  p o in t w h ich  is  nearest to  the a ltim e te r. Th is 
causes an in te rp re ta tio n  e rro r and m is re g is tra tio n  o f the m easured range. So the 
conven tiona l p u lse -lim ite d  radar a ltim e te r is  no t suited to  operate over topographic 
te rra in . There fore  a narrow  beam radar a ltim e te r is  needed to  lo ca lize  the fo o tp rin t, so 
tha t the lo ca tio n  o f  the firs t backscattered s igna l does no t depend on the topography o f 
the te rra in . Such a narrow  beam can p o ss ib ly  be achieved b y  synthesis, acco rd ing ly  
there have been studies, adapting the technique o f  synthetic aperture radar (S A R ) to  
th is  rad io  a ltim e try  p rob lem  [Raney, 1998][P ha lippou, 1998].
A  descrip tion  o f  the ea rly  h is to ry  o f  radar a ltim e te r is  w ritte n  b y  M cG oogan, et. a l.. 
The N A S A  a c tiv ity  in  radar a ltim e try  fro m  space p la tfonn s derives fro m  early  e ffo rts  
in  sa te llite  geodesy beg inn ing  in  1962. The N a tio n a l G eodetic S a te llite  P rogram  was 
established in  1964 as a jo in t a c tiv ity  o f  the D epartm ent o f  Defense, the departm ent o f 
Com m erce and N A S A . The goals o f th is  p rogram  w ere to  develop a w o rld  datum  
accurate to  ±10cm  and to  re fin e  the descrip tion  o f the earth’ s g ra v ity  fie ld . A n  ad hoc
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S c ie n tific  A d v is o ry  G roup was fo rm ed in  1966 to  advise the G eodetic S a te llite  O ffice  
o f  N A S A  on the po te n tia l a p p lica tio n  to  geoscience o f  m aking  geodetic m easurem ents 
to  an accuracy o f  the ± lm  and ±10cm . The repo rt o f tha t group led  to  fu n d in g  support 
fo r  app licab le  m easurem ent system s, in c lu d in g  the radar a ltim eter. The N a tiona l 
A cadem y o f Sciences Space A p p lica tio n s  Sem inar S tudy at W oods H o le  in  1967 also 
underscored the im portance o f  a ltim e try  to  oceanography. Oceanographers 
em phasized the need fo r the a b ility  to  measure dynam ic o f  features o f  the earth’ s 
surface such as the departure o f  the sea surface fro m  the pe rfect geoid due to  tid a l 
action , ocean currents, and w in d  forces. In  1968 i t  became apparent tha t the 
m easurem ent accuracy requ ired  b y  oceanographers and geodisists cou ld  be achieved 
fro m  space, and a m u ltid is c ip lin a ry  group was organized in  1969 to  study the 
app lica tio n  o f  space and astronom ic techniques to  the te rre s tria l environm ent. The 
study group exp lored the s c ie n tific  va lue and expanded app lica tions o f  sa te llite  
a ltim e try  and pub lished a repo rt fu rth e r em phasizing the long -te rm  need fo r a ltim eters 
capable o f  ±10cm  accuracy. F o r the short-te rm  N A S A  E arth  S urvey’ s Program  
proposed the developm ent o f the a ltim e te r techno logy to  p rov ide  a sea-surface he igh t 
m easurem ent accuracy o f  ±1 Ocm b y  1980s [M cG oogan, et. a l, 1974].
The firs t sa te llite  a ltim e te r on S kylab fle w  in  M ay, 1973; The second w as on GEOS 3 
in  M arch , 1975 and th ird  was onboard S E A S A T  tha t was launched in  June 1978. The 
a b ility  o f  spacebome p u lse -lim ite d  radar a ltim eters to  con tribu te  to  geodesy and earth 
physics and to  measure ocean w ave he igh t and w in d  speed has been dem onstrated. 
A fte r the  short pe riod  o f  S E A S A T  radar a ltim e te r, US N a vy  developed G EO SAT 
series a ltim eters, w h ile  N A S A /C N E S  developed TO P E X /P O S E ID O N  series radar 
a ltim eters, and E S A  developed E R S -radar-a ltim eter series. A ll o f  these a ltim eters are 
m a in ly  fo r sea surface m o n ito rin g , except tha t E S A ’ s m issions have some a b ility  to  
measure the land topography using  a new  on board tracker. The b r ie f characteristics 
o f  each a ltim e te r is g iven as fo llo w :
Skylab
The p rim a ry  ob ject o f the S kylab a ltim e te r was to  serve as a source o f experim enta l 
data to  be used in  the design o f  fu tu re  sa te llite  radar a ltim e te r systems. The a ltim e te r 
system  is  designed to  operate in  fiv e  m odes: ( 1 ) w aveform  o r im pulse-response 
m easurem ent and a ltitude  de te rm ina tion ; (2 ) radar cross-section experim ent; (3 )
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signa l co rre la tio n  experim ent; (4 ) 10ns pulse-com pression eva luation ; (5 ) nadir-seeker 
experim ent. I t  also served to  dem onstrate the a b ility  o f sa te llite -borne  radar a ltim e te r 
in  the acqu is ition  o f geodetic con tou r and oceanographic in fo rm a tio n  over selected 
earth-surface areas. A lth o u g h  a considerab le body o f theore tica l lite ra tu re  existed 
concern ing p lane ta ry and ocean backscatter [D avies, 19 5 4 ][B a rrick , 1 968 ][B a rrick , 
1974] [B erger, 1972], th is  program  represents the firs t instance in  w h ich  such 
experim enta l short pulse radar data had been co llected  from  e a rth -o rb it geom etry. The 
perform ance o f  Skylab was re la tiv e ly  poore r than the fo llo w -u p  a ltim e te r m issions, 
b u t its  experim enta l resu lt founded the theore tica l and p ra c tica l basis fo r fu tu re  
a ltim e te r m issions.
GEOS-3
The N A S A ’s G eophysica l S a te llite -3  (G E O S -3) carried the firs t instrum ent to  y ie ld  
use fu l measurem ents o f sea le ve l and its  v a ria b ility  w ith  tim e . I t  was a p recis ion  
sa te llite  radar developed p rim a rily  to  m easure ocean surface topography and sea state. 
The range accuracy o f G EOS-3 was around 0.5m . I t  obtained the firs t estim ation  o f 
surface w in d  speed from  a ltim e te r data.
SEAS AT
S E A S A T  radar a ltim e te r u tiliz e d  precise sa te llite  surface range de term ina tion  to  study 
the phenom ena re la tin g  to  the de ta iled  shape o f  the m arine geoid and departures 
re su ltin g  fro m  phenomena such as ocean currents, storm  surges and tides. I t  was the 
firs t a ltim e te r to  achieve ±10cm  rang ing  accuracy on 1-second average. Pulse signal 
processing y ie lded  s ig n ifica n t w ave he igh t estim ates in  the range fro m  1 to  20m  to  an 
accuracy o f  0.5m  o r 10 percent. A  de te rm ina tion  o f the ocean backscatter co e ffic ie n t 
beneath the sa te llite  to w ith in  ± ld B  w as obtained v ia  ground processing. S E A S A T 
was the firs t a ltim e te r using 300M H z R F bandw id th , w h ich  is  used alm ost as a 
standard fo r a ll successive radar a ltim eters to  achieve better than 10 cm  range accuracy 
[A lle n , 1983] [R obinson, 1995].
GEOSAT
G E O S A T was launched on M a rch  12, 1985. Its  p rim a ry  m iss ion  was to  p rov ide  the 
dense g loba l g rid  o f  a ltim e te r data requ ired  to  im prove the de te rm ina tion  o f  the 
earth ’ s g ra v ita tio n a l fie ld . The secondary m ission was to  detect mesoscale 
oceanographic features in  a tim e ly  m anner. I t  was an US N a vy  m ission. The
3
Chapter 1 Introduction
G E O S A T a ltim e te r was s im ila r to  the S E A S A T  a ltim e te r in  its  m echanical, therm al, 
and e lec trica l interfaces. D iffe re n t hardw are inc luded a 20 -w a tt long  life  tra ve lin g  
w ave tube a m p lifie r, an 8085 m icroprocessor fo r im proved ra d ia tio n  tolerance, a firs t 
d ig ita lly  synthesized transm it w ave fo rm  generator and GaAs F E T  p re a m p lifie r fo r the 
rece iver fro n t end. These changes resu lted in  an im proved  m easurem ent p recis ion  
approaching 3cm  fo r 2m  SW H . C om paring w ith  p revious a ltim e te r m issions, these 
hardw are im provem ent resu lted  in  a p o w e r-e ffic ie n t lig h t w e ig h t radar a ltim e te r 
[M a cA rth u r, et. a l., 1987 ][F ra in , et. a l., 1987][M cC onathy, et. a l., 1987].
TOPEX/POSEIDON
TO P E X /P O S E ID O N  is  a N A S A /C N E S  jo in t E arth  observation m iss ion , launched on 
A ugust 10, 1992. T O P E X  is  regarded as the S E A S A T  successor m ission . The m iss ion  
ob ject is  to  measure the sea le ve l in  w a y  tha t a llow s the study o f  ocean dynam ics, 
in c lu d in g  the ca lcu la tion  o f  the mean and va riab le  surface geostrophic currents and 
the tides o f ocean dynam ics, c lim a to lo g y , and m eteoro logy. The T O P E X  was the firs t 
dual frequency a ltim e te r. T h is  dua l frequency design a llow s fo r he igh t m easurem ent 
corrections due to  the ionospheric e ffe c t on the signal. The TO P E X  radar measures 
the lo ca l he igh t to  p rec is ion  o f  about 2cm  over 3s average o f  data. Poseidon was a 
firs t radar a ltim e te r to  use so lid -sta te  pow er a m p lifie r. The transm itted  peak pow er 
reduced to  5W . The to ta l pow er consum ption reduced to  50W . [Z ieger, et. a l., 
1 991 ][M arth , et. a l., 1993 ][A bard ie , et. a l., 1987]
GEOS A T-Follow-on (GFO-1)
The last launched a ltim e te r was fo r the US N a vy  G E O S A T fo llo w -o n  a ltim e te r 
m ission . I t  was launched on 10 Feb., 1998. The G EO SAT F o llo w -o n  p rogram  is  the 
N a vy ’ s in itia tiv e  to  develop an opera tiona l series o f radar a ltim e te r sa te llites to  
m a in ta in  continuous ocean observation fro m  the G EO SAT E xact Repeat O rb it. The 
a ltim e try  data fro m  GFO program  w ill be used to  ob ta in  ocean topography 
m easurements w h ich  can be used to  derive  the loca tion  o f  fron ts , eddies and the 
curren t data [F inke ls te in , 2000]
ERS-1 Radar Altimeter (RA)
P ara lle l to  US a ltim e te r m iss ion , E S A  in itia te d  the European Rem ote Sensing S a te llite  
program  in  1981. ERS-1 sa te llite  was launched on Ju ly  17, 1991. The radar a ltim e te r 
was ju s t one o f  the payloads on board the sa te llite . I t  was the firs t radar a ltim e te r to
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in c lude  operation over non-ocean surface as one o f  its  design requirem ents 
[D uchossois, et. a l., 1995].
Envisat-1 Radar Altimeter (RA-2)
The radar a ltim e te r on board  E nv isa t is  E S A ’ s second generation radar a ltim eter. I t  is  
a fu lly  redundant, n a d ir-p o in tin g  p u lse -lim ite d  radar, operating v ia  a s ing le  antenna 
d ish  at 13.5G H z and 3.2G H z. Its  design is  based on tha t o f  the ERS-1 radar a ltim e te r, 
b u t new  features have been added in  order to  measure echoes fro m  ocean, ice  and land 
masses w ith  im proved accuracy and w ith o u t in te rru p tio n . The consequence o f th is  
design is  tha t the estim ation  o f the range has to  be perfo rm ed o ff- lin e  using  the echo 
w aveform s. T h is increased dem and on the ground processing is  com pensated b y  the 
s ig n ifica n t increase in  the robustness o f  the tracker. There is  a clear separation 
betw een track ing  and estim a tion  in  R A -2 . F our reso lu tions are ava ilab le  
corresponding to  the transm itted  pu lse bandw id th  o f  320M H z, 80M H z 20M H z and 
C W  signal.
JASON Radar Altimeter
A fte r the success o f on -go ing  jo in t N A S A /C N E S  TO P E X /P O S E ID O N  a ltim e te r 
m iss ion  started in  A ugust 1992. The fo llo w -o n  m iss ion  JA S O N  is  under preparation. 
The sa te llite  w ill be com posed o f  a lo w  w e ig h t (50kg redundant), lo w  pow er (75W ), 
lo w  data rate (21kbps) and dual frequency a ltim eter. The spacebome radar a ltim e te r 
w ill be used to  measure three oceanographic param eters o f s c ie n tific  in terest: the 
he igh t o f ocean surface w ith  centim eter accuracy, s ig n ific a n t w ave he igh t and 
backscattering co e ffic ie n t. I t  w il l be the firs t f r i l l  so lid  state radar a ltim e te r, bo th  fo r 
K u-band and C-band. I t  em ploys d ig ita l s igna l generation, d ig ita l dem odula tion and 
d ig ita l s igna l processing. I t  w ill use A S IC ’ s and M M IC ’ s in te n s ive ly  and has an 
im proved  ca lib ra tio n  procedures, a ll o f  w h ich  features m ake i t  the m ost advanced 
radar a ltim e te r up to  date [M avrocorda tors, et. a l., 1994].
Delay Doppler Radar Altimeter
C urrent in terest in  g loba l c lim a te  change has resulted in  increased in terest in  
m o n ito rin g  the con tinen ta l ice  sheet mass balance. T h is is  a task tha t is  w e ll suited to  
sa te llite  radar a litm e try  because o f  the radar’ s a b ility  to  m ake measurem ents tha t 
represent the m ean ice  e leva tion  over a large area and to  m ake th is  m easurem ent in  
the presence o f c loud cover. U n fo rtu n a te ly , the u tility  o f  conventiona l ocean
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altim eters such as TO P E X , ERS-1 and G E O S A T fo r th is  m easurem ent is lim ite d  
because these a ltim eters operate in  a p u lse -lim ite d  m ode. T h is means tha t the sa te llite  
measures the shortest distance to  the ground, w h ich  w ill no t necessarily be the actual 
he igh t above the ground at nad ir, w henever there is  a h igh  s lop ing  te rra in . To 
overcom e th is  prob lem , a synthetic aperture radar a ltim e te r has been proposed tha t 
can im prove  the a long tra ck  reso lu tion  b y  using the synthetic aperture technique and 
h o p e fu lly  cope w ith  the along tra ck  slope. The e ffe c t o f  across-track slope can be 
rem oved in  p rin c ip le  th rough  the use o f  a phase-m onopulse approach. W ith  such a 
technique the angle to  the p o in t o f firs t re tu rn  fro m  the ice  surface is  m easured along 
w ith  the range, b y  d isp lac ing  tw o  antennas in  the across tra ck  d ire c tio n  [R aney, 
1995] [Jensen, 1995].
1.2 Object of This Research
The p rim a ry  purpose o f  radar a ltim e try  has been to  determ ine the ocean surface 
topography, i.e . m ean sea leve l. B u t w ith  h ig h  range reso lu tion  and h ig h ly  stable radar 
system , in  p rin c ip le  one can measure the S ig n ifica n t W ave H e ig h t (S W H ) and w in d  
speed. Sea state in fo rm a tio n  ( SW H  and w in d  speed ) w o u ld  be o f  obvious bene fit to  
a ll m arine users re q u irin g  such m e teoro log ica l data. To cover the E arth  sea surface 
w ith  a ‘ re v is it tim e ’ in  the order o f  hours ra ther than days o r weeks, a conste lla tion  o f 
lo w  E arth  o rb itin g  sa te llite  is  needed. Econom ics dictates tha t these should be cost 
e ffe c tive  m icrosa te llites.
A  cost-e ffective  m ic ro sa te llite  means a m ic ro sa te llite  having  lim ite d  pow er supp ly 
and lim ite d  a ttitude  co n tro l accuracy. A n y  m ethod tha t can im prove  the pow er 
e ffic ie n cy  and re lax  the requ irem ent o f  a ttitude  con tro l accuracy w ill bene fit such a 
radar a ltim e te r m ission.
Because a synthetic aperture radar a ltim e te r can m ake use o f  m ore energy returned 
fro m  fo o tp rin t, in  p rin c ip le  i t  can im prove  the signal to  noise ra tio  [Raney, 1998]. 
T h is resu lt is  a ttractive  to  people w ho w ant to  operate radar a ltim e te r in  a pow er 
lim ite d  cond ition . I  have investiga ted  the signa l-to -no ise  ra tio  im provem ent b y  
syn the tic aperture processing fo r va ry in g  S W H  cond itions. The results show fo r the 
co n d itio n  o f  lo w  S W H  the im provem ent is  about 7dB. The im provem ent w ill be o n ly  
about 4dB  at 8m  SW H  and w ill be even less at h ighe r SW H . These results show tha t 
synthetic aperture processing can b e n e fit fla t surface measurements such as ice sheet
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and sea surface w h ich  have a lo w  SW H . B u t signa l to  noise ra tio  im provem ent is  ve ry  
lim ite d  in  a h igh  S W H  cond itio n .
T h is  thesis goes on to  investiga te  sea states m o n ito rin g  b y  using a tw o-m ode radar 
a ltim eter. The a ttitude  co n tro l e rro r o f  a ty p ic a l cost e ffe c tive  m ic ro sa te llite  is 
assumed to  be about 0 .5°. W ith  th is  order o f nad ir p o in tin g  e rro r a conventiona l radar 
a ltim e te r w ith  1 m eter antenna can achieve a sa tis facto ry  S W H  m easurem ent, in  a 
m eteoro log ica l app lica tion . B u t m easurem ent o f w in d  speed, w h ich  is  derived fro m  
a ° (norm alized  radar cross-section), is  m uch m ore sensitive  to  o ff-n a d ir p o in tin g  
error. W e argue tha t a °  estim a tion  e rro r w o u ld  be no m ore than 0.4dB . W e show that 
to  achieve th is  w e need a n a d ir-p o in tin g  e rro r no greater than 0.2 ° using  a lm  antenna. 
T h is  accuracy is ve ry  c ritic a l fo r a cost e ffe c tive  m ic ro sa te llite . A  sm alle r antenna 
m ay m itig a te  the s e n s itiv ity  to  p o in tin g  e rro r b u t requires a m uch h igher peak 
transm itted  pow er to  com pensate th is  lin k  budget loss.
I t  seems that to  im prove  w in d  speed m easurem ent w ith  lim ite d  pow er supply, w e s t ill 
need an antenna hav ing  lm  aperture. Such an antenna conven tio na lly  forces an 
unw anted narrow  beam w id th  and there fore  a h ig h  accuracy p o in tin g  requirem ent. In  
th is  research a new  a d d itio n a l lo w -re so lu tio n  m ode is  proposed to  measure 
norm a lized  radar cross section. B y  using th is  m ode, s t ill us ing  lm  d ish  w ith  its  narrow  
beam  w id th , we can get m uch be tte r w in d  speed m easurem ent, even w hen p o in tin g  
e rro r is  as large as 0.5°. F in a lly  a tw o-m ode radar a ltim e te r is  proposed fo r im proved 
sea state m o n ito rin g  on board a cost e ffe c tive  m ic ro sa te llite . D e ta ils  o f the 
perform ance o f S W H  and w in d  speed m easurem ent are evaluated b y  sim u la tion . 
Some p re lim in a ry  system  design has been considered.
1.3 Structure of Thesis
In  chapter 2, an in tro d u c tio n  to  the p rin c ip le  o f  radar a ltim e te r is  g iven. A lso  in  order 
to  support th is  in tro d u c tio n  a b r ie f exp lanation  o f radar techno logy and some concept 
o f  oceanography are g iven.
In  chapter 3 ,1 exp la in  the p rin c ip le  o f  synthetic aperture radar a ltim e te r, in c lu d in g  the 
a lgo rithm  o f synthetic aperture processing, the d e riva tio n  o f  fla t surface im pulse 
response fu n c tio n  fo r d iffe re n t D op p le r c e ll and the s im u la tio n  o f  synthetic aperture 
processing. A lso  in  th is  chapter, I  evaluate, fo r w hat seems to  be the firs t tim e  in  open
7
Chapter 1 Introduction
lite ra tu re , the signa l to  noise ra tio  im provem ent o f synthetic aperture processing at 
d iffe re n t SW H  cond itions.
In  chapter 4, the p rin c ip le  o f  signa l processing o f a conventiona l radar a ltim e te r is 
g iven. S ignal processing s im u la tion  is  earned ou t b y  softw are. The echoes are 
generated b y  using the B ro w n  m odel [B row n , 1977]; the on board signa l processing is  
based on S ub-op tim a l M ax im um  L ik e lih o o d  E stim a tion . In  order to  evaluate the 
system  d is to rtio n  e ffe c t on the signa l processing, the antenna o ff-n a d ir p o in tin g  error, 
s igna l am plitude and phase d is to rtio n  are studied b y  th is  s im u la tion .
In  chapter 5, a nove l lo w -re so lu tio n  m ode radar a ltim e te r is  proposed to  measure the 
radar cross-section. A s w e have m entioned, th is  new  m ode is  m uch m ore robust to  
p o in tin g  e rro r than a conventiona l radar a ltim e te r w hen i t  is  used to  measure the radar 
cross-section. B u t th is  lo w -re so lu tio n  m ode requires an accurate sam pling  tim e  tha t 
can be derived  fro m  the h ig h -re so lu tio n  m ode radar a ltim eter. Thus a com bined tw o ­
m ode radar a ltim e te r operating in  d iffe re n t m odes a lte rna te ly  can g ive  sa tis facto ry sea 
state m on ito ring .
In  chapter 6, the lin k  budget o f the tw o-m ode radar is  studied. I t  shows that a lm  
antenna is  needed to  operate the a ltim e te r in  a p o w e r-lim ite d  cond ition . The d ig ita l 
C h irp  generation is  studied based on a d ire c t d ig ita l synthesizer (D D S ). B y  using a 
h ig h  speed D D S the C h irp  signa l is  generated in  IF  so tha t s ing le  side band 
m odu la tion  can be avoided. T h is  w ill g rea tly  im prove  the q u a lity  o f the generated 
C h iip  signal. The effects o f phase and am plitude  d is to rtio n  are also discussed in  th is  
chapter.
In  chapter 7, a sum m ary and conclus ion  o f  th is  study is  given. The m a in  achievem ent 
o f  th is  study is  ou tlined .
Chapter 2 Principle o f Radar Altimeter Remote Sensing
Chapter 2 Principle of Radar Altimeter Remote Sensing
A  radar a ltim e te r is  a h ig h ly  accurate rang ing  instrum ent. I t  looks dow n tow ards the 
ground, and the de lay tim e  o f  the returned pulse can be used to  determ ine the distance 
fro m  the radar to  the ground. The ph ilosophy o f radar a ltim e try  is  show n be low :
A n  a ltim e te r can m easure the ro u n d -trip  de lay fro m  sa te llite  to  the nearest target on 
the ground. I f  w e kn o w  the propagation speed o f  m icrow aves, w e can determ ine the 
distance fro m  the sa te llite  to  the ground. A s show n in  F ig . 2 -1 , there are extra delays 
w hen an e lectrom agnetic w ave propagates th rough  ionosphere and troposphere. U sing  
a tw o-frequency a ltim e te r o r using a g loba l ionospheric m odel one can correct the 
ionospheric delay. The tropospheric de lay co rrec tion  is  based on operational forecast 
analyses o f  surface pressure and tem perature fro m  d iffe re n t organizations (the F leet 
N um erica l O ceanography C enter (F N O C ), European Center fo r M ed ium  Range 
W eather Forecasts (E C M W F )) and the on board rad iom eter. A  deta iled descrip tion  o f 
the co rrection  a lg o rith m  can be found in  [C u d lip , 1994].
F ig . 2 - 1 P rin c ip le  o f  radar a ltim e te r
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Beside the sea surface topography m easurem ent, by  investiga tin g  the radar cross 
section w e can know  the roughness o f  the sea surface, fro m  w h ich  the w in d  speed can 
be determ ined. Then b y  s tudying  the slope o f  the leading edge o f  the m ean returned 
pulse fro m  the sea surface, the s ig n ifica n t w ave he igh t can be determ ined. A ll these 
w ill be analyzed in  next section.
2.1 Basic Radar Technology
R A D A R  is  the acronym  o f  R adio D etection  A n d  R anging. I t  is  a p o w e rfu l m icrow ave 
sensor tha t can p rov ide  its  ow n illu m in a tio n  and penetrate c loud. R adar has becom e 
the m ost im po rtan t rem ote sensing to o l fo r the past 20 years. The radar a ltim e te r and 
S ynthetic A pertu re  Im ag ing  R adar are the m ost successful exam ples o f  radar rem ote 
sensing. In  th is  section, I  w ill g ive  some basic radar theory tha t is  use fu l to  understand 
radar a ltim eter. D e ta iled  in fo rm a tio n  can be found in  some reference books. [S ko ln ik , 
1970] [R aym ond, 1965 ][C ook, 1967]
Radar Cross Section (RCS) o f Tarset
Radar Cross S ection a  (d im ension  o f area) is  defined as 4tc tim es the ra tio  o f  the 
pow er per u n it so lid  angle scattered back tow ard  the transm itte r, to  the pow er per u n it 
density  (pow er per u n it area) in  the w ave inc id e n t on the target. In  o ther w ords, i f  at 
the target the pow er in c id e n t on an area ct p laced n o rm a lly  to  the beam  were to  be 
scattered u n ifo rm ly  in  a ll d irections, the in te n s ity  o f  the signal rece ived back at the 
radar set w o u ld  be ju s t w hat i t  is  in  the case o f the actual target. [R idenour, 1965]
2
E. (2.1)
I E i
R is  the distance fro m  radar to  target;
E  is  the re flected  e lectron ic fie ld  at radar;
r 7
Ei is  the inc iden t e lectron ic fie ld  at target.
The radar cross-section is  p ro p o rtio n a l to  the illu m in a te d  area i f  o ther characteristics 
o f  the target are the same, The norm a lized  radar cross section is  defined
<r0 =cr /dA  (2.2)
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dA is  the illu m in a te d  area.
The norm a lized  radar cross-section (R C S) is  a v e ry  usefu l concept w hen discussing 
d is tribu ted  targets. M app ing  o f the characteristics o f  d is tribu ted  target are re la ted to  
the norm a lized  RC S, w h ich  can be derived fro m  the radar equation:
P f i cr 1
GX2 1
4 xR2 4 nR2 4 n L
Pr is  the rece ived pow er;
Pp is  the peak transm itted  pow er;
G is  the antenna gain;
L is  the loss o f  the rem ote sensing system .
In  order to  determ ine the radar cross-section c r, w e have to  m ake an accurate 
ca lib ra tio n  o f Pr, P , G , L . T h is  is  one o f  the m ost im portan t and d iffic u lt tasks o f  
rem ote sensing.
F ig . 2 - 2 V e c to ria l sum m ation o f re turns fro m  scatterers w ith in  one p ix e l
Because at every instan t o f  tim e  the radar pu lse illu m in a te s  a certa in  surface area tha t 
consists o f m any scattering  po in ts, the re turned echo is  the coherent a d d itio n  o f the 
elem entary echoes fro m  th is  large num ber o f  po in ts . The returns fro m  these po in ts  add 
v e c to ria lly  and re su lt in  a sing le  vec to r tha t represents the am plitude V and (p o f  the 
to ta l echo F ig . 2.2. The phase <p, o f  each e lem entary vecto r is  p rop o rtio n a l to  the 
distance betw een the sensor and the corresponding scattering p o in t. I f  the sensor 
m oves over some distance, a ll the phase ^ w i l l  change lead ing to  a change in  the
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com posite am plitude V. Thus, successive observations o f  the same surface area as the 
sensor m oves b y  w ill resu lt in  d iffe re n t values o f V. T h is va ria tio n  o f V is  ca lled  
fading. In  order to  characterize the backscatter properties o f the surface area, m any 
observations need to  be acquired and then averaged. S im ila rly , i f  w e take tw o  
ne ighbouring  areas tha t have the same backscatter cross section cr bu t have 
som ewhat d iffe re n t fin e  deta ils, the re turned signals fro m  the tw o  areas w ill be 
d iffe re n t. Thus an im age o f hom ogeneous surface w ith  a constant backscatter cross- 
section w ill show brightness va ria tions fro m  one reso lu tion  elem ent to  the next. T h is  
is  ca lled  speckle. Speckle noise fo llo w s  a R ayle igh  d is trib u tio n  i f  i t  is  detected b y  
lin e a r detector; and fo llo w s  an exponentia l d is trib u tio n  i f  i t  is  detected b y  square law  
detector. In  order to  m easure the backscatter cross section o f the surface, the returns 
fro m  m any ne ighbouring  p ixe ls  w ill have to  be averaged [E la ch i, 1988].
Resolution of Radar System
R adar reso lu tion  is  the a b ility  o f radar to  d is tin g u ish  tw o  targets. I t  can be c lass ified  in  
term s o f  range reso lu tion , angular reso lu tion  and D opp le r reso lu tion . Range reso lu tion  
is  the radar’ s a b ility  to  d is tingu ish  tw o  targets in  range d ire c tio n  o r in  tim e . I t  is  
usu a lly  determ ined b y  the transm itted  pulse w id th  [W oodw ard, 1953]. T h is  is  easy to  
understand. B u t w ith  the technique o f pulse com pression, the fin a l com pressed pulse 
w id th  is  p rop o rtio n a l to  the rec ip roca l o f  signa l bandw id th . So fundam en ta lly  range 
reso lu tion  is  m easured b y  the signa l bandw id th . The w id e r the bandw id th , the h igher 
the range reso lu tion .
A n g u la r reso lu tion  is  re fe rred  to  radar’ s a b ility  to  d is tingu ish  tw o  targets in  a plane 
that is  orthogona l to  the lin e  o f  s igh t o f  the radar. U su a lly  it  is  defined  b y  radar’ s 
beam w id th  and the range fro m  radar to  target. H ig h  angular reso lu tion  requires 
narrow  beam  and requires a large antenna. T h is  can be cos tly  and d iffic u lt to  
m anufacture, especia lly  fo r the space borne radar. The angular reso lu tion  is  defined 
as;
50 = R x 9 (2 .4)
50 is  the azim uth  reso lu tion ;
R is  the distance fro m  radar to  target;
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0 is  the angula r distance between these tw o  targets.
W hen tw o  targets are at the same range and w ith in  same radar beam , i t  is  d iff ic u lt fo r 
conventiona l radar to  d is tingu ish  them . B u t i f  these tw o  targets m ove at d iffe re n t 
speeds w ith  respect to  the radar they w ill generate d iffe re n t D opp le r sh ifts . M odem  
radar system s can m ake use o f  th is  feature to  d is tingu ish  d iffe re n t targets. The 
D opp le r reso lu tio n  is  determ ined b y  the tim e  du ring  w h ich  radar echoes are processed 
coherently. M o v in g  target detection  radar (M T I) [S ko ln ik , 1970], pulse D opp le r radar 
and syn the tic aperture radar (S A R ) [C urlander, 1991] are good exam ples o f radar tha t 
makes use o f  D op p le r reso lu tion .
Chirp Radar
V f t ) \  v° (0  . spectrumv xV j P analyser W
|K o (0
F ig . 2 - 3 P rin c ip le  o f  de-ram p processing
In  a C h irp  radar a pulse is  synthesised hav ing  a h ig h  bandw id th -tim e  product, 
ty p ic a lly  in  the fo rm  o f  pulse having  lin e a r frequency m odu la tion . In  a system  the 
e ffe c tive  com pressed pulse w id th  is  a sm a ll fra c tio n  o f  the w id th  o f  the transm itted  
lin e a r F M  pulse. In  the rece iver some m ethod is  requ ired to  compress the pulse re tu rn , 
and the de-ram ping technique is  one such m ethod. A s shown in  F ig . 2 -3 , the C h irp  
signal bandw id th  is  B , the tim e  du ra tion  is  Tc . The re flected  signa l from  a p o in t
target is  firs t m ixed  w ith  a lo ca l generated re p lica  C h irp  signal. The m ix in g  process 
rem oves the lin e a r frequency m odu la tion  o f the received signal and gives an ou tpu t
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tha t has a constant frequency p ropo rtio n a l to  the range o f the target, w h ich  is  — A t ,
Tc
w here At is  the de lay tim e  re la tive  to  the lo ca l C h irp  signal. A fte r passing th is  output 
th rough a spectrum  analyser the range in fo rm a tio n  is  mapped to  the frequency dom ain 
and the range reso lu tion  becomes frequency reso lu tion . A s show n in  F ig . 2 -3 , a fte r 
de-ram p processing, the w ideband signa l transform s in to  a ve ry  na rrow  bandw id th  
ou tpu t signal. E ffe c tiv e ly  h ig h  range re so lu tio n  is  achieved in  the frequency dom ain.
sin  x
The e ffe c tive  w id th  o f  th is  frequency-com pressed signal, w h ich  id e a lly  has a -------
x
fo rm , is  equal to  the rec ip roca l o f the overlap tim e  A / =  —  (because At is  ve ry  sm all
Tc
com paring w ith  the C h irp  pulse leng th  Tc , the overlap  tim e  is  assumed to  be equal to  
C h irp  pulse leng th  Tc ). The correspond ing tim e  reso lu tion  is
A/ =  A / i L  (2.5)
B
A p p lic a tio n  o f the  de-ram p pulse com pression requires tha t the to ta l tim e  span o f  the 
signals be ing processed should be m uch less than the transm itted  pulse w id th , 
otherw ise trunca tion  w ill resu lt in  a loss o f  pow er and reduction  o f  the range 
reso lu tion . T y p ic a lly  the tim e  extent o f  a ltim e te r echoes is w ith in  about 300ns and the 
C h irp  pulse leng th  u su a lly  is  lOOps, so the loss o f pow er and re so lu tio n  can be 
ignored.
2.2 Brief Theory of Altimeter Oceanography
Three m a in  param eters are measured b y  radar a ltim eter: m ean sea surface he ight, 
s ig n ifica n t w ave he igh t and w in d  speed. In  o rde r to  understand radar a ltim e try  w e ll, it  
is  necessary to  understand the phys ica l process o f radar m easurem ent. In  th is  section, 
I  w ill firs t in troduce  some basic theo ry  o f  m icrow ave re fle c tio n  fro m  a rough sea 
surface and the factors tha t con tro l the roughness, I  then discuss the space and tim e  
scale o f oceanographic phenom ena tha t is  to  be measured.
2.2.1 Microwave scattering from rough surface
The radar cross section a  was defined in  the last section. I t  is a fu n c tio n  o f v ie w in g  
angle, frequency and e lectrom agnetic properties o f  the propagation m edium . I t  is  the
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dependence o f  a  on the environm enta l p roperties o f  the surface tha t enables the 
m icrow ave  sensor to  be used as a rem ote-sensing insta lm en t.
Specular Reflection
R adar can o n ly  receive backscattered energy. F o r near-nad ir lo o k in g , specular 
re fle c tio n  is  the p rin c ip le  process fo r re tu rn in g  energy to  the sensor. The m agnitude o f 
cr is  p ro p o rtio n a l to  the area o f  surface w hose in c lin a tio n  is such as to  d ire c tly  re fle c t 
energy back to  the sensor [R ob inson , 1995]. F o r a fla t ca lm  surface, the  surface as a 
w ho le  w ill re fle c t energy back to  a sensor e m ittin g  and v ie w in g  at nad ir, bu t any other 
in c id e n t angles w ill resu lt in  no re fle c tio n  back to  the sensor. A s i t  is  roughened, the 
surface w ill present m any facets, as show n in  F ig . 2 -4 , re fle c tin g  energy in  d iffe re n t 
d irections. So tha t re tu rn  energy to  a n a d ir sensor w ill reduce. C onverse ly, o ff-n a d ir 
sensors w ill now  receive some energy. B u t since even the roughest sea surface is  
u n lik e ly  to  have slopes tilte d  at m ore than 20°-25° fro m  the h o rizo n ta l, specular 
re fle c tio n  is  im portan t o n ly  fo r v ie w in g  angles between 0°-15°.
F ig . 2 - 4 D ecom position  o f  na tu ra l surface in to  facets and s lig h tly  rough  com ponent
A  na tu ra l surface can be m a them atica lly  described as a series o f large facets on w h ich  
the sm all-scale roughness is  superim posed, as shown in  F ig . 2 -4 . The facets 
correspond to  long  w ave leng th  roughness, and sm a ll roughness correspond to  short 
w ave leng th  roughness, w h ich  is  described b y  surface he igh t spectrum  [D urden, 1985] 
The radar backscatter from  a c o lle c tio n  o f  facets is  fa ir ly  s tra igh tfo rw a rd .
+
\
Incident
Direction
\ :
Backscatter
Direction
/  \
Fig. 2- 5 Radiation pattern from a set of facet
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The ra d ia tio n  pattern  fro m  a set o f facet are show n in  F ig . 2-5, assum ing tha t each 
facet is  p e rfe c tly  sm ooth. W hen rough com ponent is  added, the o n ly  e ffe c t is  tha t the 
strength o f  each pattern is  reduced [E la ch i], The theore tica l analysis can be found in  
[B a rric k , 1968]. The norm a lized  radar cross section fo r specular re fle c tio n  is:
o-°(^) = l ^ - SeC4(9i e x p [ ^ ^ ]  (2.6)
/  'V
R(0) is  the Fresnel re fle c tio n  co e ffic ie n t o f  the surface at norm al incidence;
S 2f  is  the filte re d  m ean square slope, representing the p o rtio n  o f surface roughness
elem ents w ith  leng th  scale greater than d iffra c tio n  lim it. The long  w ave leng th  sea 
w ave elem ents w ill con tribu te  to  the facet slopes.
0. is  radar in c id e n t angle.
F o r n a d ir-lo o k in g  radar a ltim eter, the 6i is  zero. T h is leads to
/
Because S 2f  is  re la ted to  w in d  speed and i t  can be derived fro m  norm a lized  radar
cross-section, so the w in d  speed can be de rived  fro m  the no rm a lized  radar cross 
section.
Brass Scatterins
F ig . 2 - 6 S ubd ivided rough surface in to  its  F ou rie r spectrum  com ponents
A t large in c id e n t angles, the surface scatte ring  is  dom inated b y  the e ffe c t o f  the sm all- 
scale roughness. F o r th is  k in d  o f  scattering, the  B ragg m odel is com m on ly used. A s 
show n in  F ig . 2 -6 , a random  surface can firs t be d iv id e d  in to  its  spectral com ponents;
16
Chapter 2 Principle o f Radar Altimeter Remote Sensing
then the assum ption is  tha t the backscattered re tu rn  is  m a in ly  due to  the spectral 
com ponent A  tha t leads to  B ragg resonance w ith  the inc iden t w ave. T h is  occurs w hen
A  =  - 4 + t- , w =1 ,2 ,... (2 .7 )
2 sm 0(.
A  is  the sea w avelength;
X is  the radar w avelength;
0t is  the inc iden t angle.
The firs t term  (« = 1 ) leads to  the strongest scattering. O n ly  B ragg scattering can be 
seen b y  im ag ing  SAR , w h ich  is  m uch w eaker than specular scattering. F rom  (2 .7 ), 
because X is  o n ly  few  centim eters, o n ly  sm all w avelength A  can con tribu te  to  B ragg 
scattering. Long  w ave leng th  w ill m odulate the in c id e n t angle 0,-. So th is  m odu la tion  
can also be seen in  S A R  im age as w ave feature.
2.2.2 Space and Time Scales of Oceanographic Phenomena in Relation to 
Altimeter Remote Sensing
In  last section, w e found tha t the radar’ s re tu rn  is  g rea tly  a ffected b y  the sea surface 
w ave shape. Surface waves are found in  the ocean w ith  periods rang ing  from  a few  
tenths o f  a second to  around tw e n ty  seconds. There are o f course w a ve like  m otions 
occu rring  in  the sea on m uch longe r tim escales o f  m inutes, hours, o r days, b u t these 
are associated w ith  the dynam ica l phenom ena such as tides o r m esoscale eddies. A ll 
these phenom ena have d iffe re n t space scales. W ith in  the range o f  surface waves, i t  is 
convenient to  m ake the d is tin c tio n  between capillary waves at the short m illim e tre  
w ave leng th  end o f  the spectrum , and swell, w h ich  has waves o f  several hundred 
m etres length. The m idd le  range o f w avelengths between centim etres and tens o f 
m eters are genera lly  term ed wind-waves. The measured loca l w in d  speed is  usua lly  
re la ted  to  ca p illa ry  waves and w ind-w aves, bu t also affected b y  sw e lls tha t are 
generated fa r away. These waves are c lose ly  re lated to  a ltim e te r w in d  speed 
a lgo rithm . The leng th  and tim e  scales o f ocean surface waves are lis te d  be low  
[R ob inson, 1995]:
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Table 2- 1 Leng th  and tim e  scales o f ocean surface w ave
Wind wave Swell Capillary wave
Height from trough to crest 5mm to 10m 10 to 20m a few mm
Wavelength 0.05 to 100m 100 to 500m 1 to 50 mm
Periods 1 to 10s 10 to 20s <1 s
Variability length scale 100km 1000 km 10 m
Variability time scale 1 hr 10 hr 10s
Besides sea surface w in d , a ve ry  im po rtan t content o f  sa te llite  oceanography is  to  
study the dynam ic ocean phenom ena ~  as show n be low  [R obinson, 1995]:
Tab le  2 - 2 Length  and tim e  scale o f  dynam ica l ocean phenomena
amplitude
m
water
velocity
m/s
length
scales
km
Time scale surface feature
Equatorial currents 0.3 0.01 5000 month to year surface slope
Large ocean gyres 0.5 0.01 3000 one to many years surface slope
Western boundary 
current (e.g. Gulf stream) 1.5 1 100 days to years
surface slope 
surface roughness
Eastern boundary current 0.3 0.1 100 days to years surface slope
Rings (e.g. from Gulf 
stream meanders 1 0.1 100 week to years surface slope
Mesoscale eddies 0.25 100 100 days surface slope
Ocean fronts 0.05 10 10 days surface roughness
Ocean tides 1 0.1 1000 12hr to 1year surface slope
Shelf sea tides 5 1 100 4hrs to 1year and roughness
Internal waves 0.10 cm 0.1-100 secs to hours surface roughness
Storm surges 1 1 100 hours to days surface slope
Tsunami 0.1-1.0 1-100 mins to hours
I t  is  obvious tha t w ith  an instrum ent lik e  radar a ltim e te r tha t has a range accuracy o f a 
fe w  centim eters and spatia l re so lu tio n  about 20km , m ost o f the sea features can be 
m easured. B u t i t  should be po in ted  ou t tha t in  any observational science, the length  
and tim e  scales o f  the observations m ust m atch those o f  the phenom enon under 
investiga tio n . For exam ple, m ost o f  the tid a l am plitude lies  in  the frequency band o f 
one o r tw o  cycles per day, and sa te llite  in  a repeat o rb it has a regu la r re tu rn  tim e  o f a 
fe w  days. Some a lias ing  is in e v ita b le  and w e m ust therefore consider w hether the 
leng th  and tim e  scales o f ocean phenom ena are capable o f  be ing sam pled adequately 
b y  the techniques o f  rem ote sensing fro m  space. T h is  requirem ent is  especia lly
18
Chapter 2 Principle o f Radar Altimeter Remote Sensing
im po rtan t fo r oceanographic research. W ide  coverage and short re v is it tim e  are 
alw ays the con trad ic to ry  requirem ents in  sa te llite  rem ote sensing. W ith  sa te llite  
conste lla tions, th is  p rob lem  w ill be re laxed, hence the current in te rest in  such 
conste lla tions.
2.3 Principle of Radar Altimeter measurement
2.3.1 Pulse-limited Radar Altimeter and Beam-limited radar Altimeter
There are tw o  k inds o f  a ltim eters, one is  ca lled  beam -lim ited  a ltim e te r and the other is  
ca lled  p u lse -lim ite d  a ltim e te r. The advantage o f  a beam -lim ited  radar a ltim e te r is  its  
pow er e ffic ie n c y  and h ig h  spa tia l reso lu tion , because the transm itted  pow er w ill be 
lim ite d  w ith in  the fo o tp rin t and a ll backscattered pow er fro m  the fo o tp rin t w ill be 
received b y  radar a ltim e te r. The disadvantage is  tha t i t  needs a ve ry  b ig  antenna to  
achieve h ig h  spa tia l re so lu tio n  and is  ve ry  sensitive  to  a ttitude  s ta b ility . O n the 
con tra ry, a p u lse -lim ite d  radar a ltim e te r is  less pow er e ffic ie n t and spa tia l reso lu tion  
is  sensitive  to  target topography, because the fo o tp rin t is  m uch la rger than the area 
fro m  w h ich  the pow er w ill be used b y  the radar a ltim eter. F o r the p u lse -lim ite d  radar 
a ltim e te r a spherica l she ll de fined  b y  the radar pulse w ave fron t in tersects the ocean 
surface and defines reg ions w here the la te ra l extent is  sm a ll com pared w ith  tha t 
defined  b y  the antenna beam  w id th . That is , the surface area correspond ing to  the 
range reso lu tion  o f  the a ltim e te r is  m uch sm alle r than tha t encompassed b y  the 
antenna beam . T h is feature prevents i t  fro m  app lica tio n  over land  and ice  sheets; bu t i t  
o n ly  requires a sm all antenna and is  less sensitive  to  a ttitude  con tro l. The beam - 
lim ite d  radar is  genera lly  inapp lica b le  to  a ltim e try . D e ta iled  analysis can be found in  
[C he lton , 1989 ][E la ch i]. Because the m a in  app lica tio n  requ irem ent is  fo r 
oceanography, w here the sea surface slope is  genera lly  sm all, i t  is  reasonable to  
choose a p u lse -lim ite d  radar a ltim e te r to  measure the sea surface. B e low , I  w ill focus 
on the pulse lim ite d  radar a ltim e te r.
2.3.2 Waveform of Pulse-limited Radar Altimeter
F ig . 2 -7  shows the fo o tp rin t o f  conventiona l radar a ltim e te r on a rough sea surface. 
U nder illiu n in a tio n  fro m  a rectangu la r pulse, one can de fine  a reg ion  o f  sea at any 
tim e  instan t tha t is  cu rre n tly  under illu m in a tio n  fro m  tha t pulse. T h is reg ion  starts as a 
p o in t then expands to  a c irc le . The c irc u la r fo o tp rin t increases lin e a rly  w ith  tim e  u n til 
the tra ilin g  edge o f the pulse reaches the w ave troughs at sa te llite  nad ir. Thereafter the
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fo o tp rin t becomes an annulus w ith  constant area [A le x , 1998].
< 0
Footprint: w
Received power
F ig . 2 - 7 Pow er rece ived b y  a radar a ltim e te r as a fu n c tio n  o f  tim e
W hen the pulse scatters fro m  a rough  surface, the returned echo has a shape that 
re fle c ts  the s ta tis tica l p roperties o f  the surface. In  the case o f  the ocean, where the 
surface is  hom ogeneous, the he igh t s ta tis tics are the m ain  fa c to r in  de te rm in ing  the 
echo’ s shape. U su a lly  the  G aussian p ro b a b ility  density fu n c tio n  is  assumed to  app ly 
to  the sea surface he igh t d is trib u tio n . F rom  th is  echo shape, an im portan t ocean 
param eter, S ig n ifica n t W ave H e ig h t (S W H ) can be derived. The s ig n ifica n t w ave 
he igh t (S W H ) is  defined as 4 tim es the standard dev ia tion  o f  q(r) . B ro w n  has shown 
tha t the  m ean sea surface echo can be expressed b y  a co n vo lu tio n  o f  three tenns as 
show n in  F ig . 2-8 [B ro w n  1977]:
PT(t) Pps(t) Pr(t) q(t)
F ig . 2 - 8 D ecom position  o f  mean received echo
Pr(T)=PT(T)®PFS(T)®q(T)
Pr (x ) is  the mean received echo;
(2.7)
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Pt(t) is the radar system  p o in t target response fu n c tio n ;
PFS ( r )  is  the fla t surface im pu lse  response;
q(r) is  the sea surface specular p o in t d is trib u tio n  fu n c tio n .
Id e a lly  PFS (r) should be a step function . B u t due to  the antenna w e igh ting , the 
tra ilin g  edge decreases g radua lly . In  p ractice , antenna o ff-n a d ir lo o k in g  w ill re lax the 
decreasing o f the tra ilin g  edge o f PFS ( t )  . U su a lly  th is  in fo rm a tio n  can be used to
estim ate the o ff-n a d ir angle based on ground processing [B row n , 1977], Because the 
late samples at the tra ilin g  edge are m ore sensitive  to  o ff-n a d ir p o in tin g  error, new  
radar a ltim eters gene ra lly  use a w id e r echo w in d o w  (128 sam ple po in ts) instead o f 
tha t o f  ea rlie r radar a ltim eters (64 samples po in ts ), to  estim ate the o ff-n a d ir p o in tin g  
angle. B u t they s t ill use about 64 ea rly  sam ples to  estim ate the sea surface param eters 
(mean sea surface he igh t, S W H  and w in d  speed).
The specular p o in t p ro b a b ility  density fu n c tio n  q(r) w ill d is tribu te  the energy fro m  
the same area to  d iffe re n t tim e  delays. Its  e ffe c t is  show n b y  co n vo lu tio n  w ith  the fla t 
surface response fu n c tio n . The lead ing edge o f  Pr (r) re flects the shape o f q(j) . The 
shape o f  leading edge o f  Pr(r) can be used to  estim ate the SW H . In  fact, the specular 
p o in t p ro b a b ility  dens ity  fu n c tio n  (P D F) can be d iffe re n t fro m  the PD F o f the phys ica l 
surface e levation . T h is  d iffe rence  is  re fe rred  to  as the E M  bias. G enera lly  the surface 
e leva tion  is  no t exactly  Gaussian, as is  assumed in  B ro w n ’ s m odel. A ll these w ill 
a ffec t the accuracy o f  the  m ean sea surface he igh t and the SW H  estim ations [D ud ley, 
1989] [R odriguez, 1988]. F o r s im p lic ity , I  w ill no t discuss them  in  m y  thesis.
2.3.3 PRF Selection of Radar Altimeter
The sm ooth m ean w ave fo rm  Pr (t) , as show n in  F ig .2 .8, o n ly  exists as the average o f 
m any in d iv id u a l echoes. W ith in  the a ltim e te r fo o tp rin t on the sea surface, there w ill 
a lw ays be m any w ave facets specu la rly re fle c tin g  the inc iden t signal at a g iven  range. 
The returned signa l fro m  a sing le  w ave facet can be expressed as an am plitude and a 
phase, o r equ iva len tly , in  term s o f  rea l and im ag ina ry  com ponents. S ince the radar 
w avelength is  short (app rox im a te ly  2.2cm  fo r 13.6G H z s igna l), the phase re la tionsh ip  
betw een signals re flec ted  fro m  the va rious facets is  random . The to ta l s igna l received 
b y  the a ltim e te r is  the ve c to r sum m ation o f  the rea l and im ag ina ry  com ponents fro m
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a ll in d iv id u a l specu larly o rien ted  w ave facets in  the a ltim e te r fo o tp rin t. B y  the C entra l 
L im it Theorem , the re a l and im ag ina ry  com ponents o f the to ta l s igna l are bo th  
approxim ate ly Gaussian d is tribu ted . The am plitude o f  the to ta l returned signal is 
there fore  R ay le igh -d is tribu ted  and the re turned pow er (square la w  detection) is  an 
expone n tia lly  d is tribu ted  random  variab le . F ig .2 .9  shows radar a ltim e te r w aveform s 
a fte r d iffe re n t am ount o f averaging.
1 8 15 22 29 36 43 50 57 64
Sample numbers Sample number
F ig . 2 - 9 In d iv id u a l echo (le ft) and echo a fte r 50 tim es averaging (rig h t)
These graphs show tha t the greater the averaged tim e  the sm oother the averaged 
w ave fo rm  and m ore accurate the estim ated w ave fo rm  param eter. So b y  im p ro v in g  the 
pulse re p e titio n  frequency (P R F), m ore echoes m ay be obta ined and m ore echoes can 
be averaged. Echoes be ing  averaged are assumed to  be independent o f  each other. 
A cco rd in g  to  C itte r-Z e m ike  theo ry  the decorre la tion  distance fo r a u n ifo rm ly  
ilh im in a te d  c ircu la r area o f  rad ius r is  [W a lsh , 1982]:
d = 0.30577/1 (2 .8)
77 is  the a ltim e te r a ltitude ;
X is  the radar w avelength.
A s the radius o f the firs t pulse lim ite d  c irc le  is  determ ined b y
(2 .9 )
tc is  the compressed pulse w id th . The decorre la tion  distance is  then expressed as:
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d = 03052 [JL
i c*c
(2.10)
The decorre la tion  PRF is obta ined b y  d iv id in g  the sa te llite  v e lo c ity  V b y  d and 
co rrecting  H  fo r earth curvature effects, using  the rad ius o f the earth Re:
PRF  =
0.305 7.a/77( —  1 77 )
(2 .11)
R.
F or an a ltim e te r such as tha t on ERS-1 the decorre la tion  PRF is about 1074Hz.
The decorre la tion  distance o f  (2 .10) is  derived  fro m  the fla t sea surface. A t h igh  SW H  
co n d itio n  the c ircu la r fo o tp rin t correspond ing to  the lead ing edge has a la rger radius. 
So the decorre la tion  PRF is  h ighe r than tha t o f  the lo w  SW H  cond ition . The adaptive 
PRF is  adopted b y  m odem  radar a ltim e te r, such as TO P E X , to  im prove  the accuracy 
o f  the m easurem ent.
2.3.4 Block Diagram of Radar Altimeter
R adar a ltim e te r is  a w ide  bandw id th  rang ing  radar. A  ty p ic a l d iagram  is  show n in  F ig . 
2-9.
LNA IF Amp. &Phase A/Dreceiver detector converter spectrum
analyser
(FFT)
digital signal 
processor
F ig . 2 -1 0  P rin c ip le  d iagram  o f  a typ ica l radar a ltim e te r
The a ltim e te r is an active  m icrow ave  instrum ent tha t transm its pulses m odulated onto 
a fix e d  earner frequency. These pulses are lin e a rly  frequency m odulated. Each 
transm itted  pulse is re flec ted  b y  the sea and received at the in p u t o f  the a ltim e te r
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about 5.3m s a fte r the transm ission (800 km  o rb it). A t tha t tim e , a second pulse is 
generated in  the a ltim e te r rece ive r fo r m ix in g  w ith  the received pulse. The phase o f 
the transm itted pulse can be expressed as
4(t) =  Ttat2 + 2nfd (2.12)
a  is  linear- F M  rate; 
f 0 is  the ca rrie r frequency.
The phase o f the pulse re flec ted  fro m  a p o in t at a de lay tim e  r0 is  (see appendix I):
</>(t -  t0) = 7ra(t -  T0)2 +  2 j f dt +  2 7f0T0 +  2 jfd  (2 .13)
f d is  D opp le r frequency sh ift.
The phase o f frequency sh ifted  reference pulse is  (corresponding to  an estim ated 
delay tim e  ta ):
(pr (t) = 7ua(t- rd )2 +  2 /z/J/ (2 .14)
rd is a estim ated tim e  delay.
A fte r m ix in g , the phase o f  the ou tpu t is:
(0  = o - U )t 1 + Infd* + 2< fo  + To (2-15)
Because rd and x0 are sm a ll and th e ir d iffe rence  is  even sm aller. So ( x © x / /  can be 
ignored.
•  The firs t te rm  can be expressed as n a (tQ ~xd) t . I t  shows a frequency s h ift 
p ropo rtion a l to  d iffe re n t tim e  delay r 0 . A fte r F ou rie r transform , d iffe re n t 
frequencies in  the spectrum  w ill correspond to  backscattered signa l fro m  d iffe re n t 
tim e  delay.
•  The second te rm  is  D op p le r induced range e rro r as m entioned in  appendix I;
•  The th ird  te rm  is  the  in term edia te  frequency a fte r m ix in g  and can be cancelled 
a fte r second m ix in g  w ith  L 0 2 ;
•  The fo u rth  te rm  becom es D opp le r phase s h ift due to  distance change between 
sa te llite  and target. T h is  te rm  w ill be used in  az im uth  reso lu tion  o f  S A R  a ltim eter. 
I t  can be ignored in  the conventiona l radar a ltim e te r.
Chapter 2 Principle o f Radar Altimeter Remote Sensing
24
Chapter 2 Principle o f Radar Altimeter Remote Sensing
The signa l passes through the IF  rece iver and is  then dem odulated to  a base band in  an 
am plitude  &  phase m odule. Then the o rthogonal I  &  Q ou tpu t signa l is  A /D  converted 
and sent to  the DSP m odule. F in a lly  the d ig ita l signal is  F ou rie r transform ed. To 
repeat, d iffe re n t lines correspond to  echoes at d iffe re n t de lay tim es. T h is  process is  
ca lled  “ de-ram p”  pulse com pression.
The p rin c ip le  o f de-ram p is  show n in  F ig .2 -8  and also can be found in [W a lsh , et a l, 
1989]:
/ (a) / ( c ) m (d)
- /
F ig . 2-11 P rin c ip le  o f  de-ram p
(a) is  the frequency va ria tio n  o f  the transm itted  pulse;
(b) the th in  lines o f  (b ) are the backscattered signals corresponding to  d iffe re n t 
delayed targets. The m id d le  th ic k  lin e  stands fo r the lo ca l reference signal.
(c) is  the ou tpu t s igna l frequency fro m  (b ). Each constant frequency lin e  stands 
fo r the signa l fro m  a d iffe re n t de lay target.
(d) is  the spectrum  o f  (c), w here d iffe re n t spectrum  lines stand fo r d iffe re n t 
signals fro m  d iffe re n t de lay targets.
A fte r de-ram p pulse com pression, the echo w aveform  is form ed. The echoes are 
averaged to  fo rm  an averaged w aveform . Then three param eters are estim ated and 
filte re d  based on the averaged w aveform .
2.3.5 Principle of On board Digital Signal Processing
The m a in  tasks o f  on board d ig ita l s igna l processing is  to  track the m ean sea surface 
de lay tim e , estim ate the s ig n ifica n t w ave he igh t and estim ate the norm alized  radar 
cross section.
To be able to  im p lem ent the de-ram p technique p rope rly , the C h irp  generator m ust be 
triggered  at the exact ins tan t w hen the echo is  expected to  re tu rn , so de lay tra ck in g  is 
needed. F o r the purpose o f  m a in ta in ing  a constant ou tpu t le ve l and to  ensure the
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operation w ith in  the lin e a r reg ion  o f  a ll the rece ive r stages, an A G C  loop is  
im plem ented in  the a ltim eter. SW H , as a va luab le  param eter, is  estim ated in  order to  
chose the proper tra ck in g  gate fo r the range track ing .
The range tra ck in g  fu n c tio n  m ust be able to  keep the re tu rn  pulses w ith in  the range 
w indow . W hen th is  fu n c tio n  fa ils , tra ck in g  is  lo s t and the echo signa l m ust be 
acquired again. T ra ck in g  invo lves  the de riva tio n  o f  an e rro r signa l p ro p o rtio n a l to  the 
o ffse t o f the echo fro m  the tracked p o in t o f  the range w indow . D iffe re n t estim ation  
a lgorithm s have been proposed fo r the generation o f  the e rro r s igna l [Tow nsend, 
1980] [B u c c ia re lli, et. a l., 1988][W ingham , 1986]. The basic S p lit Gate a lgo rithm  was 
invented  fo r the S E A S A T  a ltim e te r m iss ion  [Tow nsend, 1980], and is  s t ill used b y  the 
TO P E X  a ltim e te r [M a rth , et. a l., 1993]. I t  is  an e ffe c tive  and com pu ta tion a lly  e ffic ie n t 
a lgo rithm  specia lized fo r echoes from  the sea surface. In  p rin c ip le  the op tim um  
estim ation  a lg o rith m  is  M axim um  L ike lih o o d  E stim a tion  (M L E ) a lgo rithm . I t  has 
been proposed du rin g  the S E A S A T m ission  [B rooks, 1975]. B u t due to  com putationa l 
in e ffic ie n c y , i t  has n o t been used fo r on board signa l processing. A  S ub-optim al 
M ax im um  L ik e lih o o d  E stim a tion  (S M LE ) a lg o rith m  is em ployed fo r on board signa l 
processing o f  ERS-1 and R A -2 . A lth o u g h  i t  is  no t as good as M L E , i t  is 
com p u tio n a lly  e ffic ie n t and s lig h tly  be tte r than s p lit gate estim ation. A no the r m ethod 
suggested fo r  radar a ltim e te r param eter estim ation  is  to  estim ate the param eters fro m  
the specular p o in t p d f obta ined b y  deconvo lu tion . T h is  is  used fo r ground processing 
to  estim ate m ore param eter fro m  conventiona l radar a ltim e te r w aveform  [R odriguez,
1988], Because S M LE  w ill be expla ined in  d e ta il in  chapter 4, here I  ju s t g ive  a b r ie f 
in tro d u c tio n  to  the sp lit-ga te  a lgo rithm .
The averaged echo w ave fo rm  o f TO P E X  radar a ltim e te r is  shown in  F ig . 2-12. To 
m in im ise  the noise, the echoes are averaged m any tim es to  fo rm  a ‘ tracker 
w ave fo rm ’ . U su a lly  the data rate o f the tra ck in g  loop  is  20H z. F o r TO P E X  about 228 
pulses can be used fo r averaging. F o r o ther radar a ltim eters, usua lly  about 50 echoes 
can be averaged. The T O P E X  radar a ltim e te r has a set o f  128 w ave fo rm  sam plers 
u n ifo rm ly  spaced at 3.125ns separation as show n in  F ig . 2-12. The E , M  and L  
designate E a rly , M id d le , and Late  Gates respective ly. There are in  to ta l 6 sets o f  these 
gates changing w ith  SW H . A nd  there are also a N o ise  gate and an A G C  gate designed 
to  measure the noise flo o r and signal strength. The A G C  gate can be used to  adjust the 
rece iver ga in  to  m a in ta in  the rece iver w o rk in g  in  lin e a r area. A ll these gates have a
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fix e d  p o s itio n  w ith  respect to  pulse sam plers. W e fin d  o n ly  sam plers fro m  5 to  56 are 
used in  track ing . The 128 sam ples are regrouped in to  64 samples as show n in  F ig . 2- 
12  in  order to  be telem etered to  the ground.
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F ig . 2 - 12 W ave fo rm  and tra ck in g  gates o f TO P E X  radar a ltim e te r [M a rth ,e t. a l,1993]
The A G C  gate is  the w idest fix e d  gate. I t  measures the average va lue fro m  sam ple 17 
to  sam ple 40. These sam ples are centered around the w aveform  sam ple num ber 32.5, 
w h ich  is  the desired tra ck  p o in t. T h is  va lue represents the m ean le ve l o f the 
w avefo rm . The M id d le  gate measures the average value o f the cen tra l pa rt o f  the 
lead ing edge. The M id d le  gate changes its  w id th  as SW H  changes. Values derived  
fro m  the A G C  gate and M id d le  gate should be equal i f  the w aveform  has been tracked 
at the r ig h t pos itio n . The d iffe rence  betw een them  is  the range e rro r s igna l tha t is used 
to  update the tim in g  o f  range track ing . The E a rly  gate and Late gate are used to  
measure the slope o f  the lead ing edge, w h ich  is  re la ted to  the SW H . The estim ated 
SW H  is  then used to  select the p roper m id d le  gate.
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The syn the tic  aperture radar a ltim e te r is  n o t a new  concept. I t  is  easy to  th in k  o f using 
synthetic aperture technique to  im prove  the a long track spatia l reso lu tion , w h ich  is 
requ ired  b y  coastal area and ice  sheet topograph ic m apping. Besides, i t  can also g ive  
an im proved  rad iom e tric  response b y  using  m ore energy w ith in  fo o tp rin t [Raney, 
1998], w h ich  m ay resu lt in  im proved s igna l to  noise ra tio . The im provem ent o f  signa l 
to  noise ra tio  m ay save transm itted  pow er, and a llo w  operation o f  the radar a ltim e te r 
in  a pow er lim ite d  cond ition . In  th is  chapter I  sha ll firs t in troduce the basic theo ry  o f 
synthetic aperture radar, then exp la in  the s igna l processing o f syn the tic aperture radar 
a ltim e te r; fin a lly  I  w ill discuss the s igna l to  noise ra tio  im provem ent b y  using 
synthetic aperture processing.
3.1 introduction of Synthetic Aperture Radar Altimeter
P ro f. G riffith s  suggested a m ethod o f  unfocused S A R  processing fo r radar a ltim e te r in  
1988[G riffith s , 1988]. I t  can synthesize an unfocused aperture w hen radar flie s  over 
the target. O ther authors have proposed a D o p p le r Beam  Sharpening (D B S ) radar 
a ltim e te r as a w ay to  reduce the along tra ck  fo o tp rin t b y  using D op p le r frequency 
d isc rim in a tio n . B u t d iffe re n t D opp le r beam s, corresponding to  d iffe re n t o ff-n a d ir 
angles, w il l induce va ry in g  and d iffe re n t extra  de lay tim es. D r. R aney has im proved 
the idea b y  p roposing  a de lay com pensation m ethod, w h ich  can com pensate extra 
de lay fo r echo fro m  each synthesized beam  [Raney, 1998]. T h is  de lay com pensation 
is  v e iy  s im ila r to  range curvature co rrec tion  in  SAR . A fte r delay com pensation, fo r a 
fla t surface such as the sea, each lo o k  w ith in  one burst o r in  d iffe re n t bursts can be 
averaged. A lth o u g h  the h ig h  reso lu tion  is  sacrificed , m ore looks can be averaged and 
h ighe r accuracy estim ation  w ill be achieved.
3.1.1 Principle of Synthetic Aperture Radar
The syn the tic  aperture technique can be exp la ined in  d iffe re n t w ays. I t  can be 
expla ined in  term s o f an antenna array, w h ich  is  fa m ilia r to an antenna engineer o r 
p h ys ic is t w ho have a s im ila r to p ic  in  op tics. I t  can also be expla ined in  term s o f 
D opp le r reso lu tion , w h ich  w ill be expla ined as fo llo w s .
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T w o targets on the ground separated b y  an am ount o f  Sx in  the azim uth d ire c tio n  and 
at the same slant range R can be resolved o n ly  i f  they  are no t bo th  in  the radar beam 
at the same tim e. Thus w e have
8x = R 9 .= r 3 -  (3 .1)
Ai
X is  the w ave length  o f the ca rrie r;
La is  the antenna aperture in  azim uth  d irec tion .
6a is  the antenna beam  w id th  in  radians.
T h is quan tity  is  the reso lu tion  lim it o f  conven tiona l side lo o k  rea l aperture radar in  the 
azim uth  d irec tion .
To im prove  the along track  reso lu tion  5X at some specified  slant range R and
w avelength X, i t  is  necessary to  increase the antenna aperture in  the a long track  
d irec tion . The m echanical prob lem s inc lude  constructing  an antenna w ith  a surface 
p rec is ion  accurate to  w ith in  a fra c tio n  o f  w ave length , and the d iffic u lty  in  m a in ta in ing  
tha t le ve l o f p rec is ion  in  an opera tiona l environm ent. T h is  prob lem  has been solved 
b y  the syn the tic aperture technique.
F ig . 3 -1  P rin c ip le  o f az im uth  reso lu tion
A s show n in  F ig . 3-1, there are tw o  p o in t targets, at s lig h tly  d iffe re n t angles w ith  
respect to  the ha ck  o f  the m ov ing  radar. T h is  w ill induce tw o  d iffe re n t com ponent
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ve lo c itie s  at any instan t re la tive  to  the  p la tfo rm . Therefore, the radar pulse re flected  
fro m  the tw o  targets w ill have tw o  d is tin c t D opp le r frequency sh ifts . The D opp le r 
s h ift re la tive  to  the transm itted  frequency is
f dl is  the  observed D opp le r frequency;
V is  the speed o f sa te llite . H ere I  assume sa te llite  flie s  in  a s tra igh t lin e ; 
xn is  the azim uth  co-ord inate  o f  the firs t p o in t ta rge t on the ground;
6 is  the azim uth  angle o f the firs t p o in t ta rge t re la tive  to  the radar.
T herefore, i f  the received signa l, rece ived  at the instant show n in  F ig . 3-1, is 
frequency analysed, any energy observed in  the re tu rn  at tim e  correspond ing to  range 
R and at D opp le r frequency f dl w ill be associated w ith  a target at co -ord inate
S im ila rly , energy at a d iffe re n t frequency f d2 w ill be assigned to  a correspond ing co­
o rd inate  xt2 . Even though the targets are at the same range and in  the same beam at
the same tim e , they can be d iscrim ina ted  b y  analyzing o f the D o p p le r frequency 
spectrum  o f  the re tu rn  signal. T h is  is  ca lled  ‘D opp le r beam  sharpening’ in  ea rly  
studies. Because du ring  the pe riod , R and xt -  xa can be regarded as a constant, f d 
is  a constant. So ju s t b y  D opp le r filte r in g  d iffe re n t targets w ith  d iffe re n t D opp le r 
frequency can be d iscrim ina ted . The usage o f D opp le r frequency e ffe c tiv e ly  provides 
a second co-ord inate  fo r the use in  d is tin g u ish in g  targets. The tw o  co-ordinates are 
cross-track range Y and a long-track X  re la tive  to  a p o in t d ire c tly  beneath the radar 
p la tfo rm  as show n in  F ig . 3-1.
W ith  the use o f D opp le r analysis o f  the  radar re turns, the reso lu tion  Sx o f  the targets 
in  the a long-track co-ord inate  is  re la ted  to  the  reso lu tion  Sfd o f m easurem ent o f  the 
D op p le r frequency. The antenna beam w id th  in  the azim uth d ire c tio n  no longer enters 
d ire c tly  as a lim itin g  facto r. F rom  (3 .3 )
- _  2Vs in #  ^  2V(xn - x a) 
X “  AR
(3 .2 )
(3 .4 )
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The m easurem ent reso lu tion  in  the frequency dom ain is  n o rm a lly  the inverse o f  the
tim e  span T o f  the w ave fo rm  be ing analyzed (Sfd =  — ). S ince the tim e  is  p o te n tia lly
the tim e  du ring  w h ich  any p a rticu la r target is  in  v ie w  o f the radar (i.e . the tim e  du ring  
w h ich  the target rem ains in  the beam ) fro m  F ig . 3-1 w e can derive:
t  = (3 .5 )
y  LtV
H ere 6a is  the rea l antenna beam w idth  in  radian.
T h is leads to
&  =  (— )(— ) =  —  (3 .6 )
2 V RX 2
T h is  means the u ltim a te  reso lu tion  is  h a lf the rea l antenna aperture. T h is  is  som ehow 
a co u n te r-in tu itive  resu lt. B u t the shorter the antenna aperture, the longer the 
illu m in a tio n  tim e  and h ighe r is  the D opp le r reso lu tion , g iv in g  a h ighe r azim uth  spatia l 
reso lu tion .
In  fact there is  a re s tric tio n  in  the d e riva tio n  leading to  the az im uth  reso lu tion  
expression o f  (3 .6 ). I f  a target is  to  be pos itioned  along track  (re la tive  to  the p la tfo rm ) 
in  accord w ith  its  observed frequency, i t  m ust produce a constant D o p p le r frequency 
over the observation in te rva l. H ow ever i f  th is  in te rva l is  the entire  tim e  tha t the target 
is  w ith in  the radar fo o tp rin t, as was assumed fo r (3 .5 ), then the correspond ing D opp le r 
signa l w il l have a frequency w h ich  sweeps over the en tire  D opp le r bandw id th  as the 
p la tfo rm  passes b y  the target. The actual analysis in te rva l ava ilab le  us ing  a frequency 
filte r in g  technique m ay be m uch less than the in te rv a l in  (3 .5 ), because i t  is  restric ted  
to  the tim e  span over w h ich  any p a rticu la r p o in t target has essen tia lly  a constant 
D opp le r frequency. I  w ill investiga te  th is  p o in t as fo llo w s :
A s show n in  F ig . 3-2, suppose the nearest range fro m  target to  radar d u rin g  the period  
w hen target is in  radar fo o tp rin t is  R0 . Then the range d iffe rence  betw een any 
distance and the nearest distance is:
AR(XJ  -  [ff + ( x „  -x ,)2r i  - *0 » f r r —  (3-7)
IK q
(xn , y a, za) is the position of satellite;
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(xt ,y t,z t ) is  the p o s itio n  o f  ta rge t on the ground.
SAR RAW DATA
F ig . 3- 2 Radar target and quadratic re la tio n  between range and tim e
AR(xa) is  the extra  delay o f  each p o in t a long flig h t path re la tive  to  the range R  ^ at 
the p o in t o f  the closest approach.
Suppose the radar p la tfo rm  starts fro m  x = 0 , then
xa =Vt (3 .8 )
S ubstitu te  (3 .8 ) in to  (3 .7 ), w e have
V2 o Vx x2AR(t) = —  t2- d  f  +  - 5 _  (3 .9 )
2R, R, 2R0
The re la tive  de lay distance is  a quadra tic fu n c tio n  o f the a long-track tim e  t . Then the 
re la tive  phase s h ift is :
A p (0 = _ f ^ M = ^ (Z L ^ _ ^ + ^ L )  (3 . io )
1 1 I D  D o DA* Ai/ ZK0 o
O b v io u s ly  the re la tive  phase s h ift is  also a quadratic func tio n  o f the a long-track tim e. 
I t  is  easy to  understand tha t the quadra tic fu n c tio n  can be approxim ated b y  a series o f
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short lineai* functions. T h is  means i f  w e o n ly  process the signal du ring  a short period , 
the quadratic phase can be approxim ated b y  lineai* phase, so tha t the sim p le  D opp le r 
filte r in g  technique can be app lied  to  the processing. T h is k in d  o f signa l processing is  
used in  unfocused SAR, w h ich  w ill resu lt in  a lo w  azim uth  reso lu tion . I f  w e w ant to  
process a ll pulses co llected, w e have to  com pensate the quadratic phase before using 
D op p le r filte r . T h is requires a matched filter tha t can cancel the quadratic phase. Th is 
is  used in  focused S A R  processing.
3.1.2 Synthetic Aperture Radar Altimeter
S ynthe tic aperture radar a ltim e te r can be de fined  as a n a d ir-lo o k in g  unfocused SA R  
system . S ynthetic aperture radar a ltim e te r u su a lly  operates in  burst m ode. Because the 
round -w ay de lay tim e  is  about 5.3m s i f  the  s a te llite ’ s a ltitude  is  about 800km  above 
the earth, the pulse transm ission should be fin ished  w ith in  5.3m s. T h is  means the 
m axim um  in teg ra tion  tim e  is about 5.3m s. F o r an a ltim e te r lik e  T O P E X  the D opp le r 
bandw id th  is  about 9940H z i f  i t  is  at an a ltitu d e  o f  800km . The PRF requ ired  fo r the 
syn the tic aperture radar a ltim e te r shou ld  be h igher than that. I f  w e choose the 
in te g ra tio n  tim e  to  be 4.8m s (th is  is  re la ted to  azim uth  reso lu tion ), there w ill be m ore 
than 48 pulses tha t should be transm itted . S ince the a long track  processing strategy is 
based on an F FT , i t  makes sense to  select the num ber o f transm itted  pulse to  be a 
pow er o f  tw o , w h ich  in  th is  case w o u ld  be 64. Thus the PRF is  a c tu a lly  about 13kH z. 
There are about 80 bursts tha t can be transm itted  per second and to ta lly  about 5120 
independent looks can be obtained per second. A  greater num ber o f  looks genera lly 
means m ore accurate m easurem ent
Fig. 3- 3Normalized flat surface response function of SAR altimeter
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The synthesized antenna has a na rrow  beam w idth in  the a long-track d ire c tio n  and the 
same beam  w id th  in  across-track d ire c tio n  as the conventiona l radar a ltim eter. The 
fla t surface response fu n c tio n  o f  synthetic aperture radar a ltim e te r at zero D opp le r ce ll 
is  as fo llo w s  [Raney, 1998]:
Its  tra ilin g  edge decreases ve ry  fast.
A  com plete expression o f  fla t surface response functions in  d iffe re n t D opp le r ce lls is  
g iven  in  P ica rd i’ s paper [P ica rd i, 1998]. In  tha t expression i t  is  assumed tha t the back 
scattering  co e ffic ie n t is  hom ogeneous and the synthesized antenna pattern is  
rectangu la r w ith  constant gain.
F ig .3 -3  shows the fla t surface response fu n c tio n  o f the cen tra l D op p le r c e ll according 
to  (3 .11). The so lid  curve stands fo r ha lf-beam  w id th  o ff-n a d ir p o in tin g  in  cross track 
d irec tion . The dotted curve stands fo r zero o f f  na d ir angle.
/ bb( 0 =  0
(3 .11)
DBS FLAT SURFACE RESPONSE
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time delay (ns)
F ig . 3 -4  T yp ica l fla t surface response fo r d iffe re n t D opp le r c e ll
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B u t in  the o ff-n a d ir d ire c tio n , the in te ra c tio n  between the pulse lim ite d  concentric 
annu li and the D opp le r lim ite d  areas (w hen s igna l returns fro m  o f f  n a d ir d irec tion , i t  
w ill take m ore than one com pressed pulse du ra tion  tim e  to  propagate th rough one 
D op p le r c e ll w id th ) causes a D opp le r dependent ris in g  tim e  and peak loss on the fla t 
surface response fu n c tio n  as show n in  F ig  3.4 [P ica rd i, 1998]. A lso  the looks at the 
h ig h  D op p le r frequency correspond to  lo w  antenna gain, w h ich  w ill resu lt in  a lo w  
signa l-to -no ise  ra tio . In  order to  keep to  a h ig h  signa l to  noise ra tio  and sharp fla t 
surface response w ith in  each burst there are o n ly  about 30 looks can be obtained a fte r 
processing. W ith o u t these loss the peak p o in t o f fla t surface response can im prove  
about lO dB  [R aney, 1998]. B u t due to  the  above reasons, o n ly  about 8dB 
im provem ent m ay be achieved. T h is  rad iom e tric  response im provem ent is  no t equal 
to  fin a l s igna l to  noise ra tio  im provem ent. W hen fla t surface response fu n c tio n  
convolves w ith  specular p o in t d is trib u tio n  fim c tio n , the fin a l peak p o in t value w ill 
change w ith  SW H . I  w ill de fine  the s igna l to  therm al noise ra tio  fo r  s im u la tion  in  the 
next section.
The p u lse -lim ite d  fo o tp rin t o f  a conventiona l radar a ltim eter, such as the ERS-1 radar 
a ltim e te r, is  about 1.8km  in  d iam eter. A cco rd ing  to the C itte rt-Z e m ike  theorem  the 
decorre la tion  distance is  about 4 .9m  [W alsh , 1982]. T h is  means o n ly  about 1100 
independent looks can be obta ined b y  a conventiona l radar a ltim e te r, supposing the 
sa te llite ’ s speed is  7km /s. F rom  the above explanation, w ith  30 looks per burst tim es 
80 bursts, a to ta l o f  about 2400 independent looks can be obtained b y  the synthetic 
aperture radar a ltim eter.
3.2 Signal Processing for Synthetic Aperture Processing
S igna l processing o f syn the tic aperture radar a ltim e te r can be separated in  tw o steps:
( 1) S yn the tic aperture processing;
(2) O n board w avefo rm  track ing .
The w ave fo rm  o f SA R  a ltim e te r is  m uch lik e  the w aveform  re flec ted  fro m  the ice 
sheet. So the track in g  a lg o rith m  used fo r ice  sheet radar a ltim e te r echo tra ck in g  can be 
used b y  the S A R  a ltim eter. I t  w ill n o t be discussed here.
3.2.1 Synthetic Aperture Processing
The syn the tic aperture processing is  separated in to  tw o  steps:
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• U sing  along track F o u rie r transform  to synthesize d iffe re n t o f f  nad ir antenna 
beam;
•  U sing  delay com pensation to  com pensate extra de lay o f echoes got from  d iffe re n t 
beams;
The deta iled a lgo rithm  can be found in  A ppend ix II. The diagram  o f synthetic 
aperture radar a ltim e te r signa l processing is shown in  F ig . 3.5.
F ig . 3- 5 S ynthetic aperture radar a ltim e te r processing flo w  chart
D r. Raney has proposed a de lay com pensation m ethod analogous to  range curvature 
co rrection  in  burst m ode syn the tic aperture radar, w h ich  supposes a zero D opp le r 
centro id . In  fact because the sa te llite  has a re la tive  m o tion  to  the earth, the central 
D opp le r frequency is no t zero. F o r conventiona l radar a ltim e te r, the range erro r 
caused b y  rad ia l speed can be rem oved by  using the speed in fo rm a tio n  derived from  
the o rb it parameters a fte r on ground processing. F o r synthetic aperture radar a ltim e te r 
th is  com pensation m ust be done on board the sa te llite . W e here ca ll it  D opp le r 
cen tro id  com pensation. A fte r th is  com pensation, the sa te llite  can be thought o f as 
fly in g  in  a stra igh t line .
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F o r d iffe re n t along tra ck  pos itions  there are d iffe re n t range delays caused b y  D opp le r 
speed that can be rem oved accord ing to  d iffe re n t D opp le r frequencies. These d iffe re n t 
delays m ust be rem oved be fore  azim uth  averaging; o therw ise they w ill smear the 
lead ing  edge.
3.2.2 Simulation of Synthetic Aperture Processing for Radar Altimeter
The s im u la tion  o f the a lg o rith m  as described in  last section and also in  A ppend ix I I  
starts w ith  the standard transm itted  C h irp  pulse o f radar a ltim eter. The usual 
assum ptions o f  plane E arth  geom etry is  used, w here a regu la r C h irp  pulse is 
transm itted  to  an idea lized  p o in t ta rge t on the ground. The s im u la tio n  com putes each 
re tu rn  pulse, w h ich  is  c ro ss -m u ltip lie d  b y  a reference pulse to  g ive  the standard de­
ram ped pulse o f  the conven tiona l a ltim eter.
F o llo w in g  the techniques o f  S A R  and Raney [R aney, 1998], an along track D F T  is 
com puted. I t  g ives a tw o  d im ensiona l fu n c tio n  in  w ha t is  now  the standard (kx, k R) 
space as defined in  S A R  th e o ry  [Sun, et a l.,1999 ]. F o llo w in g  Raney, each p o in t in  th is  
data space is  m u ltip lie d  b y  a com plex exponentia l w ith  a phase te rm  em bodying tw o  
fo rm s o f com pensation
1. the e ffec t o f the increasing  tim e  delay w ith  an e ffe c tive  beam  d ire c tio n  in  each kx 
c e ll ( phase s h ift oc kxkR ) -  de lay D opp le r com pensation.
2. the e ffec t o f  actual D o p p le r s h ift w ith  the increasing k x re q u irin g  phase s h ift 
°c k fc . The com pensated data space is  then inverse F ou rie r transform ed in  kR to  
g ive  a data space in  (kx,r) space —S3(kx,r ) .
The s im u la tion  cond itions are as fo llo w s  (The s im u la tion  param eters can be re fe r to  
section 3.1.2 o r [R aney, 1998]):
A  p o in t target is  supposed to  be located on the ground, w h ich  is  about 5km  displaced 
fro m  the center o f  the syn the tic  aperture, ( xt =  5000 , y t =  0 ) ;
S a te llite  flie s  in  a s tra igh t lin e  p a ra lle l to  the ground;
S a te llite ’ s a ltitude  is 800km ;
S a te llite ’ s speed is  7.3km /s.
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Radar PRF is 13000H z;
The pulse leng th  o f  transm itted  ch irp  s igna l is  60ps;
The ch irp  s igna l bandw id th  is  300M H z;
64 pulses are transm itted  in  one burst.
The p o in t target s im u la tio n  resu lt o f S A R  a ltim e te r is  shown in  F ig . 3-6 and F ig .3 -7 .
f 1 2 0
two dimensional point target image
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F ig . 3 -6  P o in t target im age w ith o u t de lay com pensation
Because the targe t is  located about 5km  disp laced fro m  the nad ir, there is about 31m  
extra round tr ip  distance w ith  respect to  n a d ir distance. F rom  F ig . 3.6 w e fin d  tha t 
there is  about 31 p ixe ls  s h ift fro m  the across tra ck  center. The rig h t hand p ic tu re  is a 
zoom ed version o f  the le ft one.
two dimensional point target image
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F ig . 3 -7  P o in t ta rget im age w ith  de lay com pensation
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A fte r do ing delay D op p le r com pensation and D opp le r induced range e rro r 
com pensation, the p o in t ta rge t im age is  now  located in  the correct p o s itio n  as shown 
in  F ig . 3-7. The rig h t hand im age is  a zoom ed im age o f  the le ft one.
3.3 Performance Improvement by Synthetic Aperture Processing
In  th is  section I  w ill firs t g ive  the ana ly tica l expression o f  the  m ean w aveform  o f 
synthetic aperture radar a ltim e te r. Then I  w ill evaluate the s igna l to  noise ra tio  
im provem ent b y  com paring the m ean w ave fo rm  o f  the S A R  a ltim e te r w ith  the 
w aveform  o f the conven tiona l radar a ltim e te r num e rica lly .
3.3.1 Waveform of SAR altimeter
Because synthesized antenna looks at d iffe re n t o f f  n a d ir angle, each in d iv id u a l beam 
experiences a d iffe re n t fla t surface im pulse response fun c tio n . The in d iv id u a l fla t 
surface im pulse response fu n c tio n  o f  synthetic aperture radar a ltim e te r can be 
expressed as [P ica rd i, 1998] [B ro w n , 1977]:
pattern w ith  ga in G0 . 
n is  the num ber o f  D opp le r ce lls ;
X is  the w aveleng th o f  the a ltim e te r;
Lp is  the tw o  w ay propaga tion  loss;
A(n) is  the surface area lim ite d  b y  the n th  D opp le r ce ll; 
H  is  the a ltitude  o f the sa te llite ; 
p  is  the radius o f a certa in  p o in t w ith in  the fo o tp rin t.
-pdpd(f) (3.12)
H ere I  assume an u n ifo rm  norm a lized  radar cross-section cr° and rectangula r antenna
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n-th Filter
j j Along trade/ 
V Doppler axis
F ig . 3- 8 F o o tp rin t o f  S A R  a ltim e te r
The SA R  a ltim e te r fo o tp rin t is shown in  F ig . 3-8. I t  has been shown that each 
d iffe re n t D opp le r ce ll has d iffe re n t im pulse response func tio n  [P ica rd i, 1998]. The 
mean received echo from  D opp le r ce ll n can be expressed as:
Pr(t,n) = Sr(t)®P,(t,n)®q(t)
X G0cr0 
(4 * ? L .
j*4 « -J—V 2 \2 )-p d p d (f) \ ® {- 1
C C
.exp[_ V _ ^ ) L ]}
4(«)
X Gq(J0c 
i fb u  (Ak)3 <t SL p
Sr (0<8>[ f
A(n)
2yJ~H2 2 + p
(H + P )
pdpd<f>] ®e x p [ - r - -] 
Z(J„ v 22 \2
2(— - )  c
(3 .13)
Pr(t,n) is  the mean received echo;
Sr(t,n ) is the radar system  p o in t target response function ; 
Pj(t,n) is  the fla t surface im pulse response;
1 _ ( t - T ) 2
q(t )  =
tim e.
V2^(— ) X.— ')c
e x p [-
2cr.
] is  the specular p o in t p ro b a b ility  density func tion  in
cj s is the standard dev ia tion  o f  the sea surface he igh t d is trib u tio n  function .
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From  (3 .12), i f  w e suppose a rectangu la r pulse is  used b y  a ltim eter, the fla t surface 
response fu n c tio n  can be expressed as [P ica rd i, 1998]: ( in  fo llo w in g  s im u la tion  the 
rectangula r pulse is  used)
cos
p
_ . . X2Gq<70 r f  j  f , ,rectT{t -  T 1 2 - 2 A h 2 + p 2 / c)J **
P aW  _  - 1  PaW
-1 PbWcos ■oo p
j *  pdp J"  d(j) —rectT(t - T 1 2 -  2^ H 2 + p 2 Ic) 
( H 2 + P 2)
Pbi") _ c o s - i  pbM
2 2x
«) -  M t -  T , «)] (3.14)
(ATTfH 
Here
w(t,n) -  y ^ [ cos-' ( ^ M  _ i ) _  ] 5 , (t -  ta(«))
f z
<50(/)  is  the D ira c  fu n c tio n . 8_x(t) is  the u n it step fu n c tio n , ta(n) and tb(n) are 
defined by:
A fte r de lay com pensation, the m ean received echoes fro m  d iffe re n t D opp le r ce lls  are 
then averaged to  get a average mean rece ived echo o f S A R  a ltim e te r w h ich  is 
expressed as fo llo w s :
p r(t) = 'Lpr(t,n)
Z X2G 2a  r<?0 (t - 2 ' + P  + d («)) , )2{ ^  2 a  ^ ( O 0 [   T T P T n ^  p d p d m ^ V i - ^ - l )427T(Ajrf(y^-)Lv J  (H  + P ) 2(— ^-)2
C An) c
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X (J0G0 U - r f  X P  f S a{ t - d E ± Z .  + d(n))
exp[“ S - ] ® 2  {S' W ® [ J  ( 7 7 7 7  pdpm( 4 2^m
exp[- y ...y - ] «  >  -{Sr( 0 ® [  I , „ , c 2n,-----------pdpd,/,]}
A ( t- r )
—} v y /
)2 A -^ i
C C
i f i d  + P 1'S0(t-----  — -------- + d(n))
 j;
(3 .15)
d(n) = is  the de lay tim e  co irespond ing  to  « th  D opp le r c e ll.
cH
A =  (3 -16)(4tr)’£,
From  (3 .15 ), w e can see tha t the m ean rece ived echo o f  the S A R  a ltim e te r is  the 
co n vo lu tio n  o f  the specular p o in t d is trib u tio n  fu n c tio n  and the m ean fla t surface 
response fu n c tio n  expressed as the average o f  fla t surface response fu n c tio n  o f 
d iffe re n t D op p le r ce lls.
3.3.2 Evaluation of Signal to Noise Ratio Improvement
In  th is  section I  w ill evaluate the s igna l to  noise ra tio  im provem ent at d iffe re n t S W H  
cond itions. The antenna gain va ria tio n  has no t been considered in  th is  evaluation. The 
range re so lu tio n  is  0.5m . I  generate d iffe re n t m ean w aveform s accord ing to  equation 
(3 -15 ) at d iffe re n t SW H.
I t  is  know n  tha t a S A R  a ltim e te r can im prove  the rad iom e tric  response [R aney, 1998]. 
D r. R aney gave the rad iom e tric  response im provem ent b y  ca lcu la ting  the fla t surface 
response fu n c tio n . F o r an a ltim e te r such as T opex, the peak signa l strength fro m  the 
zero D opp le r ce ll cou ld  be about 10dB h ighe r than the s igna l derived fro m  the 
conventiona l radar a ltim e te r [2 ]. A s  show n in  section 3.1.2, the actual fla t surface 
responses va ry  w ith  d iffe re n t D opp le r ce lls . I f  w e suppose the peak rad iom e tric  
response im provem ent at zero D opp le r ce ll is  lO dB [R aney, 1998], the peak o f 
averaged fla t surface response (averaged over 30 centra l D opp le r ce lls ) is  about 
7 .7dB , as shown in  F ig .3 -9 . Suppose these tw o  d iffe re n t a ltim eters have the same 
therm al noise le ve l (same rece ive r), the d iffe re n t peak signa l values w ill resu lt in  
d iffe re n t peak signal to  therm al noise ra tios.
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F ig . 3 -9  A veraged fla t surface response fu n c tio n
W hen the m ean fla t surface response fu n c tio n  o f  the S A R  a ltim e te r convolves w ith  
the no rm a lized  Gaussian specular p o in t p ro b a b ility  density fu n c tio n  o f  d iffe re n t 
SW H , i t  w il l re su lt in  d iffe re n t peak signa l values as shown fro m  F ig . 3-10 to  F ig . 3- 
12. T h is  means i f  the sea surface re fle c tiv ity  is  the same, the peak ou tpu t w ill va ry  
in ve rse ly  w ith  SW H , w h ich  is  qu ite  u n lik e  the conventiona l radar a ltim eter. 
A cco rd in g  to  the  above d e fin itio n , fo r same the rm a l noise leve l th is  means d iffe re n t 
s igna l to  the rm a l noise ra tios. C om paring to  the conventional radar a ltim e te r, the 
signal to  noise ra tio  im provem ent (show n in  F ig . 3-10 to  3-12) is  about 7 .3dB , 5.3dB 
and 4dB  respective ly  under d iffe re n t S W H  cond itions. T h is means w hen conventiona l 
radar a ltim e te r operates at OdB, the S A R  a ltim e te r w ill operate at 7 .3dB , 5.3dB and 
4dB respective ly.
s a m p l e  n u m b e r
F ig . 3- 10 M ean received echo o f  conven tiona l radar a ltim e te r and S A R  a ltim e te r at
1m S W H
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F ig . 3 -1 1  M ean received echo o f  conven tiona l radar a ltim e te r and S A R  a ltim e te r at
4m  SW H
F ig . 3 -1 2  M ean received echo o f  conven tiona l radar a ltim e te r and S A R  a ltim e te r at
8m  SW H
3.4 Conclusion
A s show n in  section 3.2, the s igna l processing requ ired fo r a SA R  a ltim e te r is  m uch 
m ore com plex than the conventiona l radar a ltim e te r, bu t the s igna l to  therm a l noise 
ra tio  im provem ent fo r sea surface m o n ito rin g  is  a fu n c tio n  o f  SW H . In  h ig h  SW H  
co n d itio n  th is  im provem ent is  ve ry  lim ite d . A n d  also in  the above s im u la tion , I  
suppose an antenna w ith  a u n ifo rm  gain. B u t a c tua lly  the echo go t fro m  the h igh  
D opp le r c e ll is  w e igh ted  b y  the lo w e r antem ia ga in than the cen tra l D opp le r ce ll. 
T herefore the actual s igna l to  noise im provem ent is even less. Therefore sea surface 
m o n ito rin g  b y  radar a ltim e te r w ill no t b e n e fit m uch fro m  S A R  processing. B u t it  can 
be p red icted  tha t ice  sheet m o n ito rin g  w ill b e n e fit b y  about 7.7dB  signa l to  noise ra tio  
im provem ent from  S A R  processing.
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Chapter 4 Simulation of Radar Altimeter Signal Processing
4.1 Brown Model for Sea Surface Echo
The on-board signa l processing o f a radar a ltim e te r is  to estim ate the de lay tim e  o f the 
echo, no rm a l in c id e n t radar cross-section and the slope o f leading edge o f  the echo. 
A ll th is  s igna l processing is  based on a good understanding o f  echo m odel o f sea 
surface de rived  b y  G. S. B row n  [B ro w n  1977]. T h is  m odel was used b y  S E A S A T  and 
ERS-1 radar a ltim eters as the base fo r s igna l processing.
B ro w n  showed in  h is  paper tha t the m ean rece ived echo o f sea surface can be 
expressed as a tr ip le  co n vo lu tio n  as fo llo w :
Pr(t) = PT(t)® q(t)® P FS(t) (4 .1)
Pr(f) is  the rough surface response fu n c tio n ;
PT(t) is  the radar system  p o in t target response fu n c tio n ; 
q(t) is  the specular p o in t d is trib u tio n  fu n c tio n ;
PFS(t) is  the fla t surface im pulse response fu n c tio n ;
I  w ill derive  each te rm  in  equation (4 .1 ) as fo llo w s .
4.1.1 Flat Surface Impulse Response Function
F ig .4 -1  shows the geom etry o f  radar a ltim e te r measurem ent. W hen a fla t surface w ith  
a sm a ll scale o f  roughness is  illu m in a te d  b y  an im pulse signal, the pow er o f  the 
re turned echo can be expressed as superposition  in teg ra tion  accord ing to  the radar 
equation:
r S ( l -— )G2(0,c»)ao(Vr,0)f
p  (0  = — © —  ----------------- £----------------3--------------------------------dA (4 .2 )
FS (4x f L p J R 4 K ’
(£ , ® ) is  the antenna boresigh t;
G(6, co) is  the antenna’ s ga in described b y  the angles re la tive  to  the boresigh t; 
Lp is  the tw o  w ay propagation  loss;
R is  the range fro m  the radar to  elem ental scattering  area clA on the surface.
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F ig . 4 - 1 G eom etry o f radar a ltim e te r m easurem ent 
Suppose <7°(ijz,(f)) is  independent o f  (j), antenna ga in  is  independent o f  co and is  o f  the 
fo rm  G(9) «  G0e~(2//)sin 0, 0 is  the angle fro m  the antenna axis. L e t t ==t-2H/ c , 
and substitu te  c r° (y /) and G(6) in to  equation (4 .2 ), w h ich  can be s im p lifie d  as: 
[B ro w n  1977]
p  (r ) „  T S ^ I  e xp [- -  sin2 £ -  t  cos 2£ ] • I0 ( -  sin 2£) (4 .3 )
4(4;r) y  y H  y \ H
r  is  the tim e  delay re la tive  to  the firs t n a d ir re tu rn ;
G0 is  the peak antenna gain;
A is  the rad io  w avelength;
<r°(i//) is  the norm alised radar cross section;
H  is  the sa te llite ’ s he igh t;
y  =  2.895 - s in 2( ^ /  2 ) , w here f  is  the antenna 3dB  beam w id th ; [H ancock, 1980]
<Jis antenna o f f  n a d ir angle;
E quation  (4 .3 ) shows tha t the fla t surface response fu n c tio n  depends on the 
no rm a lized  radar cross-section c r° (y /) , antenna o ff-n a d ir lo o k  angle the 
param eter y describ ing the antenna gain as a fu n c tio n  o f angle fro m  the antenna axis, 
and the range fro m  the radar to  the surface w h ich  is  expressed b y  t  .
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4.1.2 The Specular Points Distribution Function
In  B ro w n ’ s m odel the specular p o in t dens ity  as a fu n c tio n  o f he igh t is  assumed to  be 
Gaussian, the m ean va lue is  the m ean surface he igh t that is assumed to  be zero in  the 
Gaussian d is trib u tio n  function . Thus i t  can be expressed as:
I is  the specular p o in t d isplacem ent re la tiv e  to  the m ean sea leve l.
<j s is  the rm s he igh t o f the specular po in ts  re la tive  to  the mean sea leve l.
B u t u su a lly  the d is trib u tio n  fu n c tio n  is  expressed as a fu n c tio n  o f  de lay tim e  re la tive  
to  the de lay tim e  o f m ean sea le ve l. I t  is  easy to  show tha t i t  can be expressed as 
fo llo w s  as a fu n c tio n  o f de lay tim e  t :
4.1.3 Radar System Point Target Response Function
The p o in t target response is  the  echo in  pow er returned fro m  a p o in t target. F o r 
s im p lic ity  the p o in t target response can be adequately represented b y  a Gaussian 
fu n c tio n , w h ich  is:
Pr is  the peak transm itted  pow er;
TJ is  the pulse com pression ra tio ;
ap is  re la ted  to  the p o in t target 3dB  w id th  T b y  crp = 0.425T .
4.1.4 Mean Received Echo
The m ean received echo is  a tr ip le  co n vo lu tio n  o f equation (4 .3 ), (4 .5 ), (4 .7 ). I t  is  easy 
to  fin d  tha t the convo lu tio n  o f (4 .5 ) and (4 .7 ) resu lts in  another G aussian fim c tio n ;
(4 .4 )
(4.5)
H ere t = — .
c
The param eter cr is  re la ted to  sea surface SW H :
SWH = 4<r (4 .6 )
(4 .7 )
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u (t ) = PT(r ) ® q(r) M427vaPrrj r r 2 1UJ— 7 p exp ■sjlncjl L 2°-cl
orc = y l<j2p + ( 2 o 's/ c )2
So the tr ip le  co n vo lu tio n  becomes:
(4 .8 )
(4 .9 )
/  \    +00 -j
( t )  =  « ( r )  ®  PF5 ( r )  =  f  j  exp
\ 2 )  - t  f i n a l
(r-r)
2 ©
Pn(F)df
(4 .10)
The equ iva lent w id th  o f g(r) is  sm a ll re la tive  to  the tim e  scale over w h ich  Pfs(t) 
exh ib its  appreciable va ria tio n , thus
Pr ( r ) «
+00
PFS( 0 ) f in a P Tj] 1 ( f ) —; 1 exp
J 2
0
+ 00
*\2( £ - f )  
2 al
Pfs (t)42k <j  PTr] | ( —) , - exp
J 2 V2*-°v2
AX 2( r - j )
2 ©
cli
df
T <  0
r > 0
(4 .11)
The in te g ra tio n  o f  the G aussian fim c tio n  resu lts in  the E rro r func tion :
PFS(0)f27rcrpPTr)
PFS(T)j2n<jPTq
P M
X + erfil 2 f i )
/  2  r  < 0
/ 2 r > 0
(4 .12)
f n  J0
E quation  (4 .12) shows tha t m ean received echo is  an erf (•) fu n c tio n  w e igh ted  by  the 
fla t surface im pulse response function . W hen antenna o ff-n a d ir lo o k  angle is 0° the 
fla t surface im pulse response fu n c tio n  can s im p lifie d  as [W ingham , 1988]:
g 02i V V ) 4 c
PFs (?) w ~ u :r © VYV  exp [ t]
FSK 4 (4  7u)2Lph3 yh
(4.13)
A  ty p ic a l m ean received echo is show n in  F ig . 4-2. The de lay tim e  is  expressed as the 
num ber o f samples, as the sam ple in te rva l is equal to  the compressed pulse w id th . In  
th is  exam ple the antenna diam eter is  chosen as 1 m eter; o ff-n a d ir lo o k  angle is 0°. The
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decay in  tra ilin g  edge o f  the m ean received signa l is  caused b y  the antenna pattern, 
w h ich  is  described b y  the last exponentia l te rm  in  equation (4 .13).
4c
T h is  decay can be corrected b y  m u ltip ly in g  an inverse te rm  exp(— r )  b y  the mean
y h
rece ived echo tha t is  g iven  b y  equation (4 .12). A fte r th is  co rrec tion  the m ean received
Sample numbers
F ig . 4 - 2 M ean received echo 
echo is  changed to  a erf (•) fu n c tio n  as shown in  F ig . 4-3.
Sample numbers
F ig . 4 - 3 C orrected m ean received echo 
The corrected mean received echo can be expressed as:
Pr ( t ) = Aa°  [1 +  e r f  ( - ^ — ) ]
V2crc
A ct0 =  PFS(0)7}PTf27r<jp / 2 
A  is  a constant determ ined b y  the radar equation;
(4 .14)
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<j° is  the norm alized  radar cross section, w h ich  is  inc luded in  PFS(0 ) .
O n board signa l processing w ill be based on the corrected m ean w aveform . W hen the 
o ff-n a d ir angle is  no t equal to  0°, the co rrection  te rm  should inc lude  the o ff-n a d ir 
p o in tin g  angle £ , otherw ise the estim a tion  w ill generate a bias re su ltin g  fro m  the 
p o in tin g  error.
4.2 Maximum Likelihood Estimation for Radar Altimeter Signal 
Processing
In  th is  section, I  w ill exp la in  the m ethod o f  param eter estim ation  based on M axim um  
L ik e lih o o d  E stim a tion  (M L E ) [B rooks 1975].
The m ean received echo o f  equation (4 .14) is  re w ritte n  as fo llo w :
Pr(r) = A<T°[l + e, f ( - ^ r )]
A o*0, the m agnitude o f the w avefo rm , is  p ro p o rtio n a l to  the no rm a lized  radar cross 
section o*0 tha t is  re la ted to  w in d  speed. The slope o f the lead ing  edge o f the 
w ave fo rm  is  determ ined b y  ac, w h ich  is  re la ted to  SW H . The m idd le  p o in t r0 in  the
lead ing  edge corresponds to  the m ean sea surface height. E s tim a ting  o*0, o*cand 
m id d le  p o in t r0 in  the lead ing edge is  the purpose o f  a ltim e te r signa l processing.
W hat is  shown in  F ig . 4-3 is  the m ean o r average received echo. A n  in d iv id u a l echo 
w ill lo o k  qu ite  d iffe re n t fro m  the average echo as the re turns fro m  the various 
scatterers m ay com bine as phasors in  such a w ay as to  produce a w id e  range o f 
am plitudes fo r in d iv id u a l po in ts  in  in d iv id u a l pulses, w h ich  is  show n in  F ig . 4-4.
3.5 
3
0>
1 25 
a
£ 2 ra £-
*o® A r-.2 1-5ra
-  1 o 1z
0.5 
0
1 8 15 22 29 36 43 50 57 64
Sample number
Fig. 4- 4 Individual echo waveform
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The probability density function o f  each sample g. o f  the return echo, measured at the 
ith  gate, has a negative exponential distribution w ith m ean equal to the theoretical 
return pow er g { expressed b y  Pr(r ) .  Sam ple g i depends on three parameters crs , t 0 ,
cr°. Thus the p d f o f  each sam ple is
1 (-—) 
f ( S i ) =  e  s‘
S i
(4.15)
In practice N  pulses are averaged together before estimation. A  waveform  derived 
from averaging 50 individual echoes is shown in Fig. 4-5.
Sample number
Fig. 4 - 5 Averaged echo waveform
The average o f  N  pulses w ill have a gamma, or chi-squared distribution [Challenor
1989]:
f d i )  =
N ™ * ? - 1 < -+ >S i e gi
M g
N
(4.16)
So the likelihood o f  an averaged pulse can be defined as
L  = 1 1  - - 3 — exp ( - N g ,/  g,.)
»=1 N i g ,
M  is the number o f  sam ples w ithin  range w indow .
The log  likelihood is given  b y
M
L L  = S  { (N  - 1)IniV + ( N  -  l ) l n g t -  N g § -  N g { /  g t -  W in g t -  lnW !}
4=1
(4.17)
(4.18)
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To derive the m axim um  likelihood estimators, the derivative o f  (4 .18) is taken with  
respect to the three parameters 6 j(j=  1,2,3, Oj corresponds to r0 ,cr and <r°) and the 
results are set to zero. Thus
-  o36j j=i g i dOj w  g. 3 6 . /=i g . 36j
Solving the three simultaneous equations w ill result in  the MLE o f  .
(4 .19)
das
t o 0
Fig. 4 - 6 W eighting function o f  linear m odel
According to (4-19), first the estimated waveform  is compared w ith  the received  
w aveform  to obtain a difference signal g j -  g t . Second the difference is normalized
b y  the estimated variance o f  the return g j . Then the normalized difference signal is
dgi
w eighted  b y  ~ ^ - t °  em phasize those range bins w hich are m ost effected b y  variations
in the parameters o f  interest. F inally the resultant signal is sum m ed over the w hole  
range w indow  to obtain the error signal e0 , and this error can be used to obtain a new
dg-
estim ate 6 .. Fig. 4-6 sh o w s—A as dotted lines w ith 6. equal to x0 , cr and cr°.
6 Vj
The w hole process o f  M LE is show n in Fig.4-7. The error signals are used b y  three 
tracking loops to m odify the estim ates. The estim ated delay is used to start the de­
ramp signal. The estimated <j s and cr0 are used to generate the estim ated waveform  g {
dg-
and the partial derivatives o f  the three parameters -— - .  Although the diagram seem s
36 j
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Fig. 4- 7 M LE processor
sim ple, the com putation required to derive dgj
39 ,
is enormous. In sub-optimal
Likelihood Estim ation (SM LE), the w eighting function dg, .
s o ,
is replaced by a
rectangular function in each case, which is show n in  Fig. 4-6 as solid  lines. The 
sim plification greatly reduces the computation requirement, w hich w ill be described  
in  the next section.
4.3 SMLE for Radar A ltim eter Signal Processing
In M LE the d ivision  b y  g f  g ives different w eights to the various differences
according to the Brow n m odel, that increase w ith  distance. This normalization loses  
the importance w hen the thermal noise is high, i.e. at low  signal to noise ratio. To 
avoid this, in  Sub-optim al M axim um  Likelihood Estimation (SM LE), the 
normalization is set to a constant proportional to <7 ° [Levrini]. Then (4 .19) becom es:
M Tfcr.
a ° F o ~  =  04=1 U U ;
(4.20)
In order to reduce the quantity o f  computation, three rectangular functions replace 
j | t o  give a Simple w eighting on g , - g , .  The k ey  point in SM LE is the
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determination o f  leading edge width that defines the rectangular w eighting function  
and slope o f  leading edge. It is realized b y  using a linearized waveform  m odel, which  
is show n in Fig. 4-8.
4.3.1 Linearized Waveform Model
Sub-optimal M axim um  Likelihood Estimation (SM LE) is based on a linearized  
waveform  m odel. In this section I introduce such a m odel.
A n optimal linear approximation o f  equation (4 .14) can be obtained b y  m inim izing  
the root m ean square deviation betw een the e r f  (■) function and its linear
approximation, see Fig. 4-7 . I f  a 0 is a coefficient for optimal e r f (■) linearization, the
resulting linear function for the leading edge itse lf  is g iven  by:
Here D  is the peak to peak value o f  the waveform .
<7C is defined in equation (4.9).
The optimal a Q value is 0 .3227 by m inim izing the root m ean square deviation o f  the 
e r f (■) function and its linear approximation [Som m a 1982].
The width o f  leading edge is  thus crc /  a  in  tim e, as show n in Fig. 4-8.
D  a 0D
(4.21)
cc< /(2<x) m r
J —  at /(on: o)
Fig. 4- 8 Linearized waveform model
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W e know that after de-ramp processing, the delay tim er  transfer to frequency 
difference A / and the fo llow ing equation exists:
& f = y r  (4.22)
c
Tc is the chirp pulse duration.
B  is the signal bandwidth.
Equation (4 .21) can also be expressed as:
D  a 0D T c . r  D  a 0D  D  a 0D
■ P ,(A /)=T  +  — - f - i f  = — + - ! - f t  = - r  + - JL-* c M  (4-23)2 <TC B  1 <JCB  I  <JC
t c =  , is the com pressed pulse width.
In equation (4 .23) a norm alized frequency ju has been  introduced. It is given  by
f t  = A f - T c = B z ,  (4.24)
2 a Q 2 a 0
According to the m eaning o f  //, a discrete integer i can be used for filter identification,
so that equation (4 .23) becom es
D  a nD r r . D  . .
Pr 0 )  — — I— — - i  = —  + h i  (4.25)2 crc 2
where hx is the slope o f  the leading edge o f  linearized m odel, w hich is given  by
(4.26)
a c a s 2
The approximation in equation (4-26) is obtained by neglecting the contribution o f  
o p to crc.
From (4 .21) w e know  that the width o f  the leading edge can be expressed as a tim e 
interval that is — second, or expressed in range as meter. From (4.23) the width
cr
o f  the leading edge can also be expressed as a normalized frequency — — or its
approximation . These results are show n in  Fig. 4-8.
c a oF
It is m ore practical to use a number o f  filters, or the number o f  samples as the x-axis 
o f  Fig. 4-8. From equation (4.24) and (4.25), the number o f  samples corresponding to 
the echo leading edge can be determined as fo llow s [Som m a 1982]:
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2Int[-
cr,
■] +  l  =  2 In t[----- ] +  l, i f l n t [
2 h
(4.27)
3 i f  Int[- ■]<1
a 0c r (
I f  w e know  the SW H and com pressed pulse width, w e can determine the width o f  the 
leading edge o f  the linearized w aveform  as an integer number o f  sam ples from  
equation (4.27). Supposing a s =  5m , which corresponds to a 20m  SW H, and using  
ERS-1 com pressed pulse w idth that is 3.2n s , from (4 .27) the m aximum leading edge  
width is 33 samples.
4.3.2 Sub-optimal Maximum Likelihood Estimation [Som m a 1982] [Levrini] 
Sub-optimal M axim um  Likelihood Estimation (SM LE) is based on the linearized  
echo waveform  and sim plified -— -a s  given  before. There are 64 sam ples for each
waveform , w hich facilitates the FFT processing. But actually only the first 63 samples 
are used in SM LE processing. In order to facilitate m y  description I shall define som e  
o f  the variables first. W e define the sam ples used in SM LE processing as L V (i)  
i — 1,- • -,63. The set o f  sam ples is divided into five  parts: A A , B B , CC, D D  and EE as 
shown in Fig. 4-9. B B , CC, D D  forms the leading edge o f  the echo. CC is the m iddle
AA BB DD EE
A
MA Ml 31 32 33 MS ME 63 64
Fig. 4- 9 Linearized waveform for SMLE
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W'
o f  the leading edge and also the m iddle o f  the echo, h i SMLE, CC is alw ays located at 
the 32nd range bin. The width o f  the leading edge N E is determined b y  equation (4.27) 
varying from 3 to 33 according to SW H. The h a lf leading edge width is calculated as:
I n t [ - ^ - l  = I n t [ f \ ,  1
c a /u r 2 h  a cT r
^ c (4.28)
1 i f  /« /[—© — ] <  1
N e = 2 w  + \  (4.29)
Here w e also define som e names for som e specific filter numbers:
M I  =  32 -  ( N e - 1 )  /  2
M A =  M I - 1
M S  = 32 + ( N E - l ) / 2
M E  =  M S  +1
The five parts o f  the range sam ples are defined as follow:
MA
A A  = X L V ( i )
m
B B  = Z l V ( i )
i=M I
C C  = L V (  32)
MS
D D = Z L V ( i )
/=33  
63
B B =  J ^ L V d )
i=ME
63
M  ^  = (A A  + B B +  C C  + D D  + E E ) / 63 = C g L V ( i ) ] / 63 (4 .30)
j=l
4.3.2.1 AGC Tracking Loop
A s described before, SMLE needs to estim ate crQ that determines the signal strength. 
B y  using a constant weighting function as show n in Fig. 4-6, w e can estimate the 
signal strength by  m inim izing the difference betw een the summation o f  all samples 
w ithin the echo w indow  o f  the received echo and the summation o f  that o f  the 
estimated signal. W hen the difference approaches zero, the incom ing signal strength 
should be the sam e as the estimated signal strength. B ecause w e have defined a
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reference o f  signal strength, b y  using an AGC system  the strength o f  the incom ing  
echo can be adjusted to match the reference. In this w ay the cr0 can be derived from
Fig. 4 - 1 0  Principle o f  A G C  loop
the AG C value. This is the principle o f  cr0 estim ation. Fig. 4-10 show s a diagram o f  
the AG C loop.
H ow ever due to the thermal noise, the signal after square law detection is not the 
e r f  (•) function as m entioned before. The n o ise  pow er makes a pedestal to the ideal 
w aveform  as shown in Fig. 4-11. This pedestal m ust be rem oved before SMLE is 
applied. The n oise pedestal can be estimated from the first few  sam ples that are purely  
noise. The actual AG C processing constitutes o f  the follow ing steps:
1. Estimate the level o f  the noise pedestal from the first few  samples;
2. R em ove the n oise pedestal from the waveform ;
Fig. 4-11 Effect of noise on linearised echo
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3. Com pensate the decay o f  the trailing edge by  using an exponential correction
4. Estim ate cr0 by  using the SM LE method.
4.3.2.2 Range Tracking Loop
A ccording to SM LE’s delay tim e w eighting function, range error estim ation is 
achieved b y  using N E samples o f  the leading edge. The range tracking system  acts by  
com paring the position o f  the echo signal w ith that o f  an estimated reference signal.
This echo position is corrected by  acting on the generation o f  the local oscillator chiip  
and on  fine adjustment in the filter bank. A s indicated in Fig. 4-12 , the assumed range 
error signal is the shaded area that is estim ated within the leading edge. The
Fig. 4 -1 2  Schem atic o f  range error signal
w idth o f  the leading edge is derived from equation (4.27), which is N E as show n in 
F ig.4-12. The difference betw een the input w aveform  and the estimated waveform  is  
then s i for each specific sam ple point. So the average difference w ithin the leading 
edge is:
MS MS MS MS MS
T j£1 £ ( & “ &) T.g'-'IglIg,-M AGC
g  — i=M I _  i=MI_______________   i=MI i=M I _  i=MI__________ (4 31)
T n e n e n e n e
B ecause the mean w aveform  and its leading edge are symmetric about the half-power 
point, the average o f  the samples o f  the echo should be equal to the average o f  the 
sam ples o f  the leading edge and equal to the m iddle point o f  the leading edge. In 
practical application M AGC that is derived from the AGC loop is used in (4.31). The 
diagram o f  the range tracking loop is show n in Fig. 4-13.
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Fig. 4 -1 3  Principle o f  range tracking loop
Dec
B ecause the slope o f  the leading edge i s  - ,  the range error (in centim etres) can be
<re
derived from the error signal (shaded area in  Fig. 4-12) as follow:
D t x - D t x '1 o
A t = a ‘ = ________ £ 5 1  £ jlJ_ =  r  a
N e D a 0 £ £ c  a 0 D  1 c a c c
2 a
=  ) -  i f  |r,| -  x  —  (4-32)2 crs c 2 a 0 a Q
Here
A t is estim ated range error; 
crc is defined in equation (4.9);
cr, is defined as <7 - 75 c 2
rx is the range m isaligm nent defined in Fig. 4-12;
e. is the zth sample difference betw een input waveform  and estim ated waveform  
w ithin leading edge.
Then the characteristic o f  the range discriminator is:
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A t  =
2 <7,/
=  —  (4-33)
2cz0
*/lr lll < —
IV Pjl
ao
VI
<*o
A t  is discriminator output (cm ), w hich  is shown in Fig. 4-33.
• S W H = 2 m  
• S W H = 8 m  
• S W H = 1 2 m
• S W H = 2 0 m
Range misalignment (cm)
Fig. 4 - 1 4  Range tracker discriminator characteristic 
4.3.2.3 Slope tracking loop [Griffiths, et al., 1985]
The m ain purpose o f  the slope tracking loop is to derive the width o f  leading edge. It 
depends on the follow ing assumptions: first, the form o f  the radar echo is given  by the 
Brow n m odel. Second, the SM LE tracker correctly positions the return so that gate 32  
corresponds to the mean level. Third, the SM LE tracker applies a correction to the 
return w aveform  to rem ove the trailing edge decay due to the antenna beam  pattern 
and m ispointing. Clearly violation o f  any o f  these assumptions can lead to bias in the 
estim ation o f  SW H.
Under the assumptions listed above the m ean echo waveform  can be expressed as
p r{T) = [\ + e t f { - Z - ) y 2  (4 .34)
a/2 o\
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Fig. 4 -1 5  S lope estim ation algorithm
A  linearized w aveform  m odel is achieved by equalizing the shaded areas show n in the 
schem atic representation o f  the return in  Fig. 4-15 . W e m ay represent this procedure 
analytically b y  equating the area under Pr( r )  betw een A  and B  w ith  the area o f  the
trapezium A BC O  (see Fig. 4 -15), thus
r,
j/|.(r )r fr  =  3 2 ]/4  (4.35)
0
where Tx is the h a lf leading edge width, measured in units o f  time. (The SM LE tracker 
half-width is measured in range gates). Alternatively, because o f  the anti-symmetry o f  
e r f  (•), the area equalization m ay b e represented by
(r ) d r  = °fPr (r ) d r  +  Tx /  2 (4 .36)
0 -7j
B y  using equation (4.34) and (4 .35), equation (4 .36) m ay be reduced to:
lernM dT=T'12 ( 4 '3 7 )
or
\ e r f ( x ) d x  =  y  /  2 (4.38)
o
where y  = Tx ! (a/2ctc) (4.39)
A s e r f  (x )  is a standard function, equation (4.38) can be solved  num erically in a 
straightforward manner to obtain the solution
/
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y  = 1.0397 (4.40)
Combining equations (4 .9), (4 .39), and (4.40) yields the follow ing relationship 
betw een <j c and Tx
<Fc = f V ( ° - 6 8 ° © ) 2 - +  ( 4 - 4 1 )
Thus given  the h a lf leading edge width Tx from the SM LE slope tracker w e m ay  
obtain the significant w ave height from the equation above. In terms o f  the SMLE  
tracker, variables Tx is g iven  by the half-w idth in range gates m ultiplied by the range 
bin width.
B y  using the linearized m odel, w e  can derive the error signal o f  the slope-tracking  
loop as follow:
A s show n in Fig. 4-16, suppose the leading edge o f  the real echo is AC, and the 
estimated leading edge o f  the echo is A'C'. The estimated leading edge width is 27J 
as show n above. The slope-tracking algorithm acts to m inim ize the area o f  OMC and 
OM'C' which w ill m inim ize the slope difference. It is undertaken as follow :
1) Calculate the M OFB and M'OFC' and then derive the difference betw een MOFB  
and M'OFC';
2) Subtract the above difference from O FBD and derive the slope error signal eh;
3) It is easy to prove that this slope error signal eh is equal to the area summation o f  
OMA' and OM'C'.
4) Suppose the slope difference is sm all so that w e can derive the slope error Ahx:
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A h = %  (4.42)T i
The above analysis assum es that the return is a continuous function o f  the delay time 
t  given  b y  (4.34). In practice, the SM LE tracker obtains estim ates o f  the return 
pow er at 63 range gates and this discrete form o f  the return w ill lead to a change in  
the SW H  estimation.
Fig. 4 - 1 7  D iscrete version  o f  slope error algorithm
The discrete version o f  the slope error algorithm is shown in Fig. 4-17. Let 72be the 
h a lf width, measured in range gates. It has follow ing relationship w ith  leading edge  
sam ple numbers given in equation (4 .27) and (4.28):
E f i f l  = In t(T 2) = w  (4.43)
In t(T 2) stands for the integer part o f  the T2 .
So the discrete algorithm w ill result in  an error shown in Fig. 4 .17  as A B B  and AD D  
w hich  is the fractional part o f  T2 . This error must be com pensated in  calculation. 
Thus the slope error signal is calculated as
eh =  D D  + A DD -  BB -  ABB - T 2
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32+[7'2-0 .5]
=  £  L V (i)  +  {T2 - 0.5 - \ T 2 - 0 .5 ]}L F (3 2  +  [T2 - 0 .5 ]  +1)
7=33
— Y .L V ( i)  + {T2 - 0 . 5  - [T2 - 0 .5 ]}Z F (3 2 - [h, - 0 . 5 ] ) - T2 (4.44)
i= 3 2 -[r2 -0 .5 ]
T2 also stands for the area o f  OFBD as show n in Fig. 4-16. Then b y  using equation  
(4.42) the slope error can be derived.
4.4 Simulation of A ltim eter Signal Processing
This simulation is to investigate the system  distortion effects on parameter estimation, 
especially on SW H  estimation. The distortions can be classified as:
1) Antenna o f f  nadir looking;
2) Radar system  phase and amplitude distortions that com e from the signal generator, 
transmitter and receiver.
The phase distortion due to the signal generator might be very large because the 
digital generated Chirp signal is multiplied before w e get the final Chirp signal. 
Because the de-ramp technique can cancel m ost o f  this kind o f  phase error [Griffiths 
1992], the residual phase error w ill be small. The general phase and amplitude errors 
com e from w hole system  w ill be m odelled  as a sinusoid error w ith amplitude Ap and 
A a. These phase and amplitude error w ill generate paired echoes in the com pressed  
pulse.
In the follow ing I w ill g ive the sim ulation o f  signal processing for radar altimeter. The 
echo generation is based on the Brown m odel and the on board signal processing is  
based on the SM LE method.
4.4.1 Simulation diagram
The sim ulation is com posed o f  fo llow ing sim ulation modules:
Signal generation m odule 
AGC tracking m odule 
Range tracking m odule  
SW H  tracking m odule
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Their relationships are show n in  Fig. 4-18.
Fig. 4 -1 8  General flow  chart o f  sim ulation program  
4.4.2 Signal generator module
The signal generation m odule generates the sea surface echo according to the sea  
surface w ave height, antenna pointing error, antenna diameter, radar system  phase and 
amplitude distortions. The first three effects are presented b y  the flat surface response 
function. The last one is presented b y  the point target response function. Triple 
convolution w ill result in  the m ean received echo.
The flat surface im pulse response function is given  in equation (4.3),
„  ,  . G l t f  ccr° (w )  r 4  . 2 p 4c _ A  [c r  . .  fA . . .
PfsO  ~  r2. ©  exP[— sm  £ -— t  cos 2£ ] • /„ (—.. I—  sm  2 £ ) (4.45)
4 (4  n y L H  y  y H  y \ H
B y  changing the £ in equation (4.45), w e  can get the flat surface im pulse response 
function at different off-nadir angles.
The Gaussian specular point density function is
f f O - r 0) = ~  =  e x p [~ g J p ] (4.46)
A '  A
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<js is the rms height o f  the specular points relative to the m ean sea level. W hile 
generating the Gaussian specular point density function, a delay tim e r0 accounts
Fig. 4 - 1 9  Sea echo generator
for the difference betw een echo delay and estim ated echo delay. This delayed  
Gaussian specular point density function convolves w ith the radar system  im pulse 
response fimction and the flat surface im pulse response and generates a delayed mean  
received echo.
The Brown m odel uses a Gaussian point target response fim ction for sim plicity. W hen  
w e study the effect o f  system  distortion on parameter estim ation, w e  have to use the
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distorted s in e 2 (x ) function instead o f  the Gaussian point target response function. 
The distortion function is expressed in the frequency dom ain [Cook 1967]:
H (co) = A ((D )exp[-jB (a> )]  (4.48)
here
A(co) = a Q+ a l cos Cxco (4.49)
B(a>) =  b0co -  bx cos C2co (4.50)
A(co) is the amplitude distortion.
a 0 is the ideal amplitude o f  system  response.
ax is the amplitude o f  the sinusoid amplitude distortion. It w ill generate a paired
2a 0
echoes w ith amplitude o f  20 lo g -------.
a x
Cx is the number o f  cycles o f  the amplitude distortion per Hertz in frequency domain.
B(co) is the phase distortion.
b0 is the constant for linear phase term.
bx is the amplitude o f  the sinusoid phase distortion. It w ill generate a paired echo w ith  
2
amplitude o f  20 lo g — .
bi
C2 is the number o f  cyc les o f  the phase distortion per Hertz in frequency domain. 
After Fourier transform, w e derive the distorted im pulse response w ith paired echo as 
m entioned above.
B y  convolving (4 .45) w ith  (4 .47), w e can get the m ean received echo.
Depending on the assigned input SNR, w e can add a proper noise level to the mean  
received echo. Suppose the m ean received echo n ow  is E ( i) ,  including the noise. W e  
then introduce the ocean statistics as follows:
The statistics o f  each sam ple o f  single received echo is an exponential distribution. 
The random signal can be generated according to
f ( 0  =  - l n ( l - « ( ! ) ) ■ £ ©  (4.51)
n(t)  is uniform ly distributed random number betw een [0 1 ].
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g ( i)  is the exponentially distributed random number, w hich  is what w e  want. There 
are about n  echoes that are averaged to get a final averaged one V ( i ) , w hich  are then 
sent to AG C tracking loop.
4.4.3 AGC tracking module
The signal from the Signal generator m odule is first attenuated b y  an attenuator. Then  
the first 8 range samples are averaged to evaluate the noise pedestal r l . The noise is 
rem oved from the w aveform  V ( i ) . Then the noise-free w aveform  is corrected for the 
antenna shape w eighting. W e now  have a signal w ith m ean value o f  an e r f(-)  
function.
Fig. 4- 20 Flow diagram of AGC loop
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This corrected signal is then used to calculate the average signal pow er by summing 
the 63 range sam ples. The resulting value M AGC is then compared w ith the predefined  
reference value to derive the AG C error signal. This error signal is then filtered by  a 
a-j3  filter. The output is the filtered AGC value and is sent to the digital attenuator to 
control the receiver gain.
The m ean amplitude M AGC is subtracted from the corrected signal and then sent to the 
range tracking loop.
4.4.4 Range tracking loop
Fig. 4 -2 1  F low  diagram o f  range tracking loop
The range tracking loop closes after the A G C  has locked. The leading edge w idth is 
initialized corresponding to 20m  SW H according to equation (4.27). After running the 
SW H tracking loop, the new  leading edge w idth w ill be derived. The range error 
signal is derived from the summation o f  the signal w ithin the leading edge. Then the 
error divided b y  the slope o f  the leading edge w ill result in  the range error, according 
to equation (4.32).
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4.4.5 SWH tracking loop
Fig. 4 - 22  F low  diagram o f  slope tracking loop
The SW H  tracking loop c loses after the range tracking loop has closed. It uses the
data processed by  AG C loop. The principle o f  processing is described in 4.2.3. The
output is the width o f  the leading edge that can be used by  the range tracking loop. 
The SW H can also be derived from equation (4.41).
4.4.6 Simulation results of SWH estimation
The purpose o f  the sim ulation is to study the estim ation bias due to different system  
distortion as described before. A ll the three tracking loops use a - p  trackers 
1 1
w ith a  =  — and 6  = — . The transients o f  these loops have not been paid m uch  
4  64
attention. U sually  each loop starts w ith  a w ide loop bandwidth to reduce the transit
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time. W hen the loop com es into the steady state, a narrow bandwidth is used to reduce 
the output noise. In this simulation, the loop bandwidth is about 3Hz. Various errors 
due to system  distortion are simulated and the results are shown as follow s.
Discrete model induced error
A s described in 4 .2 .3 , the SM LE uses a discrete summation to approximate the 
relation o f  equation (4 .36), w hich  is g iven  in  (4 .44). This w ill induce som e error in  
SW H estim ation. In this simulation, the SW H  value derived by using the SMLE  
algorithm is compared w ith the real SW H  w hich  is used in echo generation. The 
difference betw een the estimated SW H  b y  SM LE and the true W H  is shown in  Fig. 4- 
23.
Fig. 4- 23 The difference betw een  SM LE SW H and true SW H
This result show s that at low  SW H condition there is a bias, about 0.12m . W hen SW H  
increases, this bias w ill becom e sm all and can be ignored.
Phase and Amplitude Distortion
Radar system  phase and amplitude distortion effects on range accuracy have been  
given m ore attention than those on SW H  estimation. Range estimation error caused  
by phase distortion can be expressed analytically [Sheehan 1992]. Am plitude 
distortion w ill increase the side lobe and w iden  the main lobe. Phase error w ill shift 
the main lobe and w iden the main lobe. A ll these w ill affect the final estim ation o f
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leading edge slope. In this research, phase and amplitude distortion effect on SW H  
estim ation are studied b y  simulation.
Fig. 4 - 24  SW H  error induced b y  distorted Sf/TC2 response
F ig .4-24 show s the SW H  error w hen the phase ripple is about 20° and the amplitude 
ripple is 0.5 dB. T hese distortions given  above are relatively large for a radar system . 
But the induced SW H  error is relatively small. This means that the SW H is not 
sensitive to amplitude and phase distortion.
Pointins Error Induced SWH Error
Fig. 4- 25 SWH error due to 0.5 deg. off-nadir pointing
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Antenna pointing error w ill reduce the overall signal strength, and change the echo 
shape by  raising the trailing edge. The first effect w ill give rise to an error o f  w ind  
speed estim ation that w ill be discussed in next chapter. The latter effect w ill induce 
range error. A lthough the slope o f  leading edge does not change m uch, the error o f  
range tracking point w ill result in  an error in  the SW H estimation. The SW H error due 
to 0 .5° off-nadir pointing is show n in F ig .4-25. Although a small antenna w ill reduce 
the off-nadir pointing effect it w ill reduce antenna gain proportionally. A  lm  antenna 
and a 13.5GHz carrier frequency are used  in  the simulation.
The sim ulation show s that SW H error m ainly com es from off-nadir pointing. It is not 
sensitive to amplitude and phase distortion. Under 0.5° pointing error a radar altimeter 
w ith a lm  antenna still can g ive a satisfactory SW H measurement.
4.5 Conclusion
In this chapter, the on-board signal processing has been simulated, based on the 
Brow n m odel and SMLE. In particular the errors o f  SW H  estim ation have been  
evaluated. The results show  that w hen the m agnitude o f  amplitude distortion is 0.5dB  
and the amplitude o f  phase distortion ripple is 20°, the resulting SW H  error is less  
than 0.2m . The main contribution o f  SW H error is from the antenna off-nadir 
pointing. But w hen the off-nadir pointing angle is smaller than 0.5°, the SW H  error 
w ill be sm aller than 0.5m  or 10% o f  the real SW H, w hichever is larger.
74
Chapter 5 Low Resolution Mode fo r Wind Speed Measurement
Chapter 5 Low Resolution Mode for Wind Speed Measurement
From Chapter 1 to Chapter 3 , 1 have given  the general background o f  radar altimeter 
rem ote sensing. In Chapter 4 , 1 focused on the antenna off-nadir looking effect on the 
SW H  estimation. The result show ed that even w ith 0.5° off-nadir pointing the SW H  
estim ation is still satisfactory. But w ind speed measurement is m uch m ore sensitive to 
pointing error. In Chapter 5 , 1 am going to describe the original work o f  m ine, which  
is to measure the w ind speed b y  using a low -resolution m ode radar altimeter. This 
m ode can cope w ith off-nadir pointing error as large as 0 .5°.[Sun, et al., 2000]
W ind speed is derived from normalized radar cross section (cr°). Off-nadir pointing  
results in  varying antenna gain in the nadir direction, w hich w ill induce an error in the 
cr° measurement. In order to reduce <7 ° bias to less than 0.4dB, the pointing error for 
a conventional radar altimeter w ith lm  antenna should be smaller than 0.2°. In this 
chapter, the principle o f  cr° measurement w ill first be introduced. Then som e  
methods that can im prove the <7 ° measurement w ill be compared. F inally a new  low - 
resolution m ode is proposed to im prove the w ind  speed measurement.
5.1 Principle o f W ind Speed Measurem ent
W ind speed is derived from the norm alized radar cross section. In this part o f  study, I 
am going to describe how  to derive the norm alized radar cross section from the mean  
received echo.
The m ean received  echo is expressed as usual b y  the triple convolution:
= p fA t ) ®  <?W ®  -(f) (5.1)
<S> is the convolution.
Pfs(t ) is the flat surface im pulse response function; 
q (r )  is the sea surface specular point distribution function, 
Pt (t ) is the radar system  point target response function.
4 Ict
' y i H
sin 2^)
= 0-Vo ) (5.2)
where
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G2X2CO-° 4 . 2  4c O i r i r / 4 CT •
P f s  ( f )  = A / f  \ 2 r t j 3~ exP[—  sm  £ ------— x eo s 2<f] J0( -  —  s in 2 5 ) (5.3)
4(4;x) Zp/7  y  y H  y  V H
x is the tim e delay relative to the first nadir return;
Go is the antenna gain at boresight axis;
X is the radio wavelength;
c 7 ° ( y / )  is the normalized radar cross section, it is a function o f  radar look  angle;
Lp is the tw o-w ay propagation loss;
H  is the height o f  satellite;
y  = 2.895 * sin 2 {O f 2 ) ,  where 6  is the 3dB beam  width o f  the antenna;
5  is the antenna o f f  nadir angle;
So (5 .1) can be expressed as:
Pr(r )  =  o r \y / )  ■ q { f)  ®  Pt {t ) ®  p FS (x)
=  c °  (w ) - q ( r ) ®  PT t o  ®  3 e x p [ - -  s in 2 5  -  - ^  x cos 2rf\ / 0 (-~  sin  25 )
4 (4 n )  L  H  y  y H  y  V H
(5.4)
W ithin sm all look  angle if/, <j °  ( i f / )  can be considered to be a constant <x° .
A lso  q (r )  and Ppt(t ) are the fixed  tim e functions. The received pow er signal Pr(r )  
w ill change on ly  w hen the flat surface im pulse response function changes. From (5.2) 
w e can see  that the flat surface im pulse response function PFS(x) is a function o f  radar
o f f  nadir look angle. B y  using (5 .4), w e  can derive the mean received  echo Pr{z)  at 
different off-nadir look angles as show n in Fig, 5-1. O ff nadir looking w ill change the 
amplitude o f  the m ean waveform  and reduce the slope o f  the trailing edge.
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Fig. 5-1 Mean received echo under different antenna off-nadir pointing angles
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From (5 .4) w e  can derive radar cross section  as follow:
For <j ° ( y ) w ithin all reasonable values o f  y / , cr0(y /)  can be regarded as a constant 
cr° . Integrating Pr ( 0  w ill result in the energy received by the altimeter 
E =  \P r( t)d t  = cr° j[ q ( t )®  PPT( t )®  p FS( t) \d t  (5.5)
0 . 0    ^
f[q ( t)  ®  PPT (t)  <S> p FS (0 ]  d t
The integration o f  J[#(0 ©  PPT(t) ®  p FS (/)]d t can be determined by  know ing
variables in (5.3). The variables in  (5 .3) are determined from pre-launch and real tim e 
calibrations. The o f f  nadir angle £  is very critical in  the calculation o f  the integration. 
W ithout the know ledge o f  the off-nadir angle, an error o f  <y° w ill be created, which  
can be seen  in Fig. 5-2. (The diameter o f  the antenna is 1 metre in this simulation.)
off nadir angle (deg.)
Fig. 5- 2 SigmaO error w ith  respect to off-nadir look angles
A t an indicated pointing angle o f  0 .5°, a 0 .2° error o f  attitude know ledge results in  
about 1.5dB error in a 0 estim ation.[Townsend 1980] In high w ind speed condition  
this cr° error translates to about 6m /s in  w ind speed measurement [W ingham 1988]. 
Fig. 5-2  show s that at large off-nadir look  angle <x° is more sensitive to pointing error 
than in a sm all off-nadir angle condition.
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The w ind speed as a function o f  cr° is inferred from fitting an analytical formula to 
the experiment data. B y  choosing a different set o f  experimental data, different 
em pirical formulas can b e derived [Donna 1991]. The ‘m odified Chelton and W entz 
w ind speed m odel function’ relating Geosat measurements o f  cr° to w ind speed at 
10m above the sea surface is  show n in F ig 5-3. It show s in large w ind speed  
conditions, that the w ind speed is more sensitive to cr0 error.
normalised radar cross section (dB)
Fig. 5 -3  W ind speed m odel function relating sigmaO to w ind speed
For conventional high-resolution radar altimeter w ith 1m antenna, in  order to reduce 
the er° estim ation error to less than 0.4dB , the pointing error should be smaller than 
0.2°. A t larger off-nadir pointing conditions attitude know ledge should be much better 
than 0 .2° in order to achieve a 0 error smaller than 0.4dB . This requirement is 
relatively difficult for a cost effective microsatellite.
5.2 Origination of <r° Error
A  conventional radar altimeter operates in pulse lim ited m ode. A s show n in Fig. 5-4, 
a radar altimeter footprint can be classified  as:
•  Equal distance contour footprint
•  Equal power density contour footprint
Pow er returns in tim e according to the equal distance contour. Pow er is distributed in 
space according to the equal pow er intensity contour that is determined b y  the radar 
look  angle.
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antenna
pattern ► antennapattern
I  \
Equal distance Equal power intensity
contour footprint contour footprint
nadir look off nadir look
Fig. 5- 4  Footprint o f  radar altimeter
O nly power returning from the equal distance contour footprint can be received by the 
radar altimeter. W hen these tw o footprints overlap with each other, maximum energy 
w ill be received by the radar altimeter. This is the nadir looking condition as shown in 
left side o f  Fig. 5-4. W hen these two footprints do not overlap, which is shown in 
right side o f  Fig. 5-4, only the part o f  the energy com ing from equal distance contour 
footprint w ill be received by radar altimeter. The remaining energy outside the equal 
distance contour footprint, but within the equal power intensity contour footprint, 
cannot be received by radar altimeter. The energy received in these two different 
conditions is different. This difference results in the error o f  <r° measurement.
5.3 Some Methods to Reduce the <t° Error
5.3.1 Reduce Antenna Gain Variation by Using A Small Antenna
A s being shown in last section, the energy difference is a result o f  the antenna gain 
variation with nadir direction. If w e  use a small antenna that has a flatter antenna gain 
pattern, the variation o f  antenna gain w ill be smaller than that using a large antenna.
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off-nadir angle (deg.)
Fig. 5- 5 SigmaO error as a function o f  pointing error w ith 0.4m  antenna
Fig. 5-5 shows the cr° error as a function o f  off-nadir look angle w ith a 0.4m  antenna. 
This tim e the cr° error is smaller than 0.4dB, even  at 0.5° off-nadir look angle. 
H owever, compared to the lm  antenna, the antenna gain reduction is about 8dB. Two- 
w ay antenna gain loss w ill be about 16dB. This m eans the transmitted power must 
increase about 40 tim es. This is an unacceptable trade off.
5.3.2 Correct the SigmaO Error by Accurate Attitude Determination
It is obvious that i f  w e can measure the off-nadir pointing angle, according to Fig. 5-2  
w e can correct the corresponding <t °  error. There are several w ays to achieve  
accurate attitude determination:
•  U sing h ighly accurate sensors, such as star sensor, horizon sensor, sun sensor.
•  Deriving the pointing error from the radar echo w aveform  itself.
The first method is used by m odem  radar altimeters. B y  using high accurate attitude 
sensor the satellite attitude can be determined and controlled w ith high accuracy. For 
ERS-1 radar altimeter the attitude control is better than 0.2°. TOPEX achieve even  
m ore accurate attitude control, better than 0.1°. Under these conditions there is no 
need to do further correction.
Estim ates o f  pointing errors for the Skylab radar altimeter w ere obtained[M cGoogan, 
1974] from the decay rate o f  the trailing edge o f  the average return waveform . A t that 
tim e, pointing-angle determination had been  evaluated b y  fitting the theoretical 
w aveform  to the experimental data. The best fit w as obtained b y  using the theoretical
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waveform  with 0.3° off-nadir pointing angle. B ecause the theoretical waveform  was 
calculated in 0.05° increm ents, the 0 .05° accuracy figure w as em pirically determined 
to be the accuracy obtainable.
A  feasibility study o f  onboard correction to antenna m ispointing w as done by  Dr. 
W ingham[W ingham, 1988], It show ed w ith a loop response tim e o f  about a minute it 
is possib le to estimate the off-nadir pointing angle and correct the cr° bias caused by  
off-nadir pointing. But this correction requires very accurate calibration o f  the range 
bin samplers. The exam ple show s that for a altimeter such as that on ERS-1, to 
achieve 0.2dB accuracy after correction the sampler calibration error should be 
smaller than 0.0 ldB . This requirement is really very stringent.
5.4 Low Resolution Mode for W ind Speed Measurement
Conventional high-resolution radar altimeter only receives energy backscattered from  
the sm all nadir area. A ctually  collecting m ost o f  the energy received b y  the antenna 
beam  can reduce the variation o f  energy due to sm all off-nadir looking. The 
norm alized flat surface im pulse response function is show n in Fig. 5-6. It is 
norm alized by  the m axim um  value o f  the nadir look im pulse response function.
Delay time (ns)
Fig. 5- 6 Flat surface im pulse response function at different off-nadir look angle
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I integrated each o f  the flat surface im pulse response function and normalized the 
energy by the m axim um  value obtained under nadir looking condition. The derived  
curve is shown in Fig. 5-7.
Integration time (ns)
Fig. 5 - 7  N orm alized integrated energy under different off-nadir look angles
The difference o f  the norm alized integrated energy betw een nadir look  and 0.5° off- 
nadir look as a function o f  integration tim e is show n in Fig. 5-8.
Integration time (ns)
Fig. 5- 8 D ifference o f  norm alized integrated energy betw een 0 deg. and 0.5 deg. off-
nadir look angles
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The relative error can be calculated by  dividing the value in Fig. 5-8 b y  the value o f  
0° off-nadir in Fig. 5-7. The result is shown in Fig. 5-9.
Integration time (ns)
Fig. 5- 9 Relative integrated energy error
From Fig. 5-9 w e can see that i f  w e integrate the energy until 1000ns the relative 
energy error is less than 0.4dB .
The mean received echo is the convolution betw een the flat surface im pulse response 
function and a function w h ich  is itse lf  the convolution o f  the radar system  point target 
response function and the sea surface specular point distribution fimction. During 
convolution the radar system  point target response function acts as a shifting  
integration w indow . B y  using a low-resolution pulse w e can obtain a w ide radar 
system  point target response function. Thus each output point o f  the mean received  
echo from the convolution is a weighted integration o f  the flat surface im pulse  
response fimction over a tim e defined b y  the w idth o f  radar system  point target 
response fimction. In order to facilitate sim ulation w e  assume a 2p s Gaussian shape 
point target response fimction. The SW H is supposed to be 8m. The simulated mean  
received echoes are show n in Fig. 5-10. The w aveform  in F ig .5-10 corresponds to 
nadir pointing and 0.5° off-nadir pointing conditions. The amplitude error at the peak  
point is about 0.3dB. This result show s that low-resolution m ode for cr0 estim ation is 
very robust to off-nadir pointing error.
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Delay time (ns)
Fig. 5 -1 0  Norm alized echo o f  low  resolution pulse at different off-nadir angles 
The cr° error as a function o f  off-nadir look angle is show n in Fig. 5-11.
Fig. 5 -1 1  SigmaO error measured by  new  m ethod as a function o f  off-nadir angles
The above sim ulation assum es that the low -resolution m ode radar altimeter can  
always track the echo waveform  point corresponding to m ean sea surface. B ecause  
the radar altimeter is operated at a low -resolution m ode, the peak o f  the echo  
waveform  is very flat. The sim ulation show s even  w ith 50ns delay tim e tracking error 
the resulting amplitude error is still sm all enough to be ignored. For a conventional 
high-resolution radar altimeter the delay tim e tracking error is less than Ins. So by  
operating the radar altimeter at high-resolution m ode and low -resolution m ode  
alternatively w e  can measure w ind speed w ith  an improved accuracy. A lso  high-
84
Chapter 5 Low Resolution Mode fo r  Wind Speed Measurement
resolution m ode offers high accuracy delay tim e tracking which can satisfy the 
requirement o f  low -resolution  waveform  sampling.
5.5 <r° Variation Effect
A s m entioned before, i f  w e integrate the pow er o f  the flat surface im pulse response 
fimction up to lp s ,  the relative energy error is sm aller than 0.4dB. Thus this new  
method w ill use a low -resolution pulse w ith a pulse width about 2ps. The sample 
point is about 2p s later than the first arriving point o f  the echo. This m eans that the 
echo from 1.7° off-nadir angle w ill be used in  <r° estimation. The above simulation  
supposes cr° is a constant w ithin ±1 .7°. But actually the <r° is a function o f  radar 
look angle as given  in (5.7)[R obinson, 1995].
|2
.4,  \  * ( ° )  ,
° o ( ©  =  + j 2  SeC ^ eXP
b f
-  tan y
Slf
(5.7)
R (0) is the Fresnel reflectance o f  the air-sea interface at normal incidence, y  is radar
look angle and s 2 is the m ean square slope o f  sea  surface as given below  [6],
S 2f  =  5 .44xlO ~3t / 10 - 1 .0 9 x l0 ~ 3 (5.8)
U 10 is w ind speed at 10m  above the sea surface.
The flat surface im pulse response fimction including cr0 variation is different from  
(5.2) and is expressed as fo llow s [Brown, 1977]:
G 2X 2C C 7 °(0) _ 4  . 2 e ct A  k l r ,4 ICT
Pfs(0 = ° %2 T ,3 exP[— sin c o s + (-J~rsin2£)4(4/r) L ph y  h y  s 2 y  \ h
(5.9)
\R (w f
cr°(0) =  -— J -  is the norm alized radar cross section  at the nadir pointing condition.
S f
From (5.7) and (5 .8) it is obvious that in low  w ind conditions the cr° variation has a 
larger effect on the flat surface im pulse response function than in high w ind condition  
and w ill affect the final output m ean waveform . The variation o f  cr° as a function o f  
off-nadir look angle under different w ind speed conditions is shown in Fig. 5-12. For 
w ind speed larger than 2m /s this variation is sm aller than 0.4dB even i f  the off-nadir 
pointing angle is 1.7°. Although at large incident angle the cr0 w ill reduce
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significantly, as show n in Fig. 5-12, the antenna gain at large incident angle w ill be 
small. Therefore, the reduction o f  cr° at large incident angle w ill have a sm all effect 
on general a 0 measurement.
Fig. 5 -1 2  SigmaO measured at different incident angles under different w ind speeds
B y  using equation (5 .9) instead o f  equation (5.2), w e can simulate a low  resolution  
echo waveform  that includes the cr° variation effect. The worst case o f  the low est 
w ind speed o f  on ly  lm /s  is used in  this simulation. The echo is norm alized by  the 
m axim um  value o f  the echo excluding the cr° variation. Both echoes are received at 
0° off-nadir look angle. It show s that the peak point value o f  the waveform  changes 
less than 0.1 dB. (see Fig. 5-13)
echo return time (ns)
Fig. 5-13 Normalized echo including and excluding sigmaO variation
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Because at low  w ind speed condition, w ind speed measurement is not sensitive to cr° 
error, sm all <7° measurement error at low  w ind  condition due to incident angle 
change w ill not effect w ind speed estimation. Thus by using a low  resolution m ode  
w e can im prove the w ind speed measurement w ith  pointing error up to about 0.5°.
5.6 Conclusion
W ind speed measurement is much more sensitive than SW H to pointing error. The 
sim ple w ay  to reduce off-nadir pointing effect is to use a sm all antenna, but the 
transmitted pow er w ill increase dramatically. The other w ay is to com pensate the <j° 
error b y  having a know ledge o f  pointing angle. This w ill require an accurate sensor. I f  
the control error is 0 .5°, the know ledge o f  pointing angle should be better than 0.1°. 
The accuracy o f  the know ledge o f  pointing angle w ill increase w hen the controlled  
error increases. In this chapter a low -resolution m ode is proposed to improve the w ind  
speed measurement. It can cope w ith a pointing error as large as 0.5°. This m ode 
should work w ith  the high resolution, w hich  can provide the sampling tim e reference 
for the new  operation mode. The new  m ode on ly  requires a fractional part o f  the 
pow er used b y  the high-resolution m ode. Thus a tw o-m ode radar altimeter can 
achieve a satisfactory sea state monitoring w ith  pointing error as large as 0.5°.
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Chapter 6 System Study of Two Mode Radar Altimeter
For any radar system  study the link budget estim ation is the first step towards system  
design. It directly influences the system  parameter choice. In this chapter I w ill first 
calculate the link budget for this tw o-m ode radar. This calculation w ill effect the orbit 
selection  based on lim ited pow er supply onboard the U O SA T  platform. O f the w hole  
radar altimeter the w ide band chirp signal generator is the m ost critical subsystem. 
W ith the developm ent o f  m odem  digital electronic technology, digital Chirp signal 
generation becom es m ore and more popular. This is  because it is m ore flexib le and 
gives better performance. Section 2 w ill discuss the digital chirp generation based on  
D D S (Direct D igital Synthesizer). The phase and amplitude distortion o f  the digital 
chirp generator w ill be discussed as w ell.
6.1 Link Budget Estimation for High Resolution Mode
A s discussed in Chapter 4  and Chapter 5, in  high resolution m ode a sm all antenna w ill 
induce only sm all estim ation bias due to off-nadir looking. But in order to operate the 
radar altimeter in a power-lim ited environment w e still need a proper antenna aperture 
that can offer enough gain. The radar equation is expressed as fo llow  [Levrini, 1984]:
P. = r 7VHc Tq<7° 1 GA2 f  K 1
_ 4 n H 2 _ _4 tzH 2 _ 4 tjL U e + t f J (6.1)
PBG 2A2n H c c r \  R
SN R  = ” , ,------------------ *—
(4x f H 4kTBf F L  R e + H
W here
Pp is the peak transmitted power;
G  is antenna gain;
H  is the satellite altitude;
t0 is the com pressed pulse width;
<r° is the norm alized radar cross section; 
A  is the w avelength o f  carrier;
L  is overall loss;
(6.2)
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Bf  is filter bandwidth;
F  is receiver noise figure;
R e is the earth radius.
The overall loss can be from the radar system , rain and cloud attenuation. W e assume 
a 2.2dB loss for the radar system  [Rey, 1999] [Zelli, 1998], and leave 9dB loss margin 
for rain and cloud attenuation at Ku band. The cloud attenuation is relatively small. 
W hen rain rate is 20mm/hr, w hich  is a very rare situation (much less than 0.2% o f  the 
time) [Chelton, 1989], the tw o-w ay attenuation is about 1.8dB/km [M onaldo, 1986]. 
U sually  the thickness o f  a rain cell is less than 5km. So 9dB margin is  usually enough  
for a K u band radar altimeter. In addition, in  heavy rain conditions, the rain w ill 
perturb the sea surface, w hich w ill induce cr° error.
Antenna gain is assumed to be 40.5dB  for a lm  antenna [Townsend, 1980].
The state o f  the art o f  m icrowave receiver technology can achieve system  loss plus 
n oise figure about 4.7dB at Ku band [Rey, 1999][Z elli, 1998],
For a solid-state radar altimeter w e  can use a long pulse length w ith  a low  peak  
transmitted power. This w ill reduce electrom agnetic interference. A lso , a solid-state  
amplifier has a sm all volum e and a light w eight, allow ing it to be integrated w ith the 
L N A  front end. This is called the TR m odule, that can be placed very near to the 
antenna in  order to reduce the overall system  loss. A  7W  peak power K u band solid- 
state pow er amplifier has been developed through Jason radar altimeter m ission. This 
is a good candidate for our altimeter pow er amplifier. The pulse length is assumed  
here to be lOOps, which is quite com m on.
The norm alized radar cross section <7° varies from 7dB at 20m /s w ind speed to about 
20dB at 0 .05m /s [Witter, 1991]. The w orst case w ill be used to calculate the radar 
altimeter link budget.
The choice o f  m icrow ave w avelength is determined by the link budget. W ithin a 
confined antenna aperture, a short w avelength  w ill give a high antenna gain. But a 
short w ave length w ill suffer a large rain and atmospheric attenuation. A lso  due to the 
calibration requirement it is better to use a frequency that has been used before. Thus 
K u band is still the best choice for a sea state monitoring radar altimeter.
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The orbit altitude is determined by link budget and satellite lifetim e. H igh altitude w ill 
have a sm all atmospheric drag and a stable orbit, w hich is very critical for scientific  
altimetry m ission. This is the reason w h y TO PEX use 1300km  high altitude orbit. For 
our sea state m onitoring radar altimeter m ission  the orbit stability is not important. 
U sually  a low  altitude w ill benefit the link budget. H owever, the atmospheric drag 
w ill increase significantly w hen altitude is b elow  600km . W e choose 650km  as the 
baseline o f  orbit altitude. Table 6-1 show s the link budget o f  radar altimeter based on  
the parameters chosen  above:
U sually  w hen the signal to thermal n oise ratio is larger than lOdB, the thermal noise  
effect can be ignored [Bucciarelli, 1989]. The signal to noise ratio derived from Table 
6-1 is about 10.3dB, w hich  is quite satisfactory.
6.2 Link Budget Estimation for Low Resolution Mode
In a low -resolution m ode, the illuminated area is defined by  the antenna pattern, 
w hich is a beam -lim ited m ode. B ecause the transmitted and received pow er are 
w eighted by  different antemia gains at different off-nadir angles, the effective antenna 
footprint should be calculated carefully. The normalized radar cross section is 
expressed b y  the follow ing radar equation [Jones, 1977]:
Table 6- 1 Link budget for high-resolution m ode radar altimeter
Pp: the peak transmitted power (W)
G0: antenna gain (dB)
cr0: normalized radar cross section (dB)
X\ radar wavelength (m)
Re: earth radius (m)
Tc: pulse duration (s)
c: light speed (m/s)
tc: compressed radar pulse length (s)
H: satellite height above nadir (m)
L (system losses)+F(noise figure) (dB) 
k: Boltzmann constant t (J/K)
Ts: Source noise temperature (K)
Re+H (m)
Lr: loss for rain attenuation (dB)
7
40.5
7
0.022
6378000
0.0001
3.00E+08
3.03E-09
650000
4.7
1.38E-23
290
7028000
9
o =  Pr (4 tt) 3H 4 
Pp G 2X2AT
(6.3)
90
Chapter 6 System Study o f Two Mode Radar Altimeter
where,
Pp is the peak transmitted power;
Pr is the peak received power;
G  is antenna gain;
H  is the distance from the satellite to the sea surface;
<t ° is  the normalized radar cross section;
X  is  the wavelength o f  carrier;
At is the effective antenna footprint on the ocean surface. It can be expressed as:
where J3eq is the effective antenna w idth (approximately equal to the h a lf power 
antenna beam  width). W e derive (6 .3) as follow :
a t = ^ ( A , h ? (6.4)
(6.5)
0  is the off-nadir angle.
I f  w e substitute the Gaussian antenna pattern into (6.5), which is :
—02
G (6 )  =  G0e r , y  =  2 .9 8 sin 2 (03d 12) is  the 3dB antenna beam  width. W e have
p y c i  h 2x 2 tt 
(An H 2) 2 2 4 7
Ppcr0G 20 X2 x  
(4 n H 2)2 2 4
772 2 .98 sin2 (03(/ /  2)
(6.6)
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This is a p roof o f  (6.3) and (6.4). For Gaussian antenna pattern the effective antenna 
w idth is about 0.85 o f  the 3dB antenna width.
The signal to n oise ratio o f  low -resolution m ode can be expressed as:
(471 )3H 4kTsB f F L
N o w  w e transmit a short 2p s pulse and use the new  effective antenna footprint as 
derived above, w e can calculate the link budget for the low-resolution mode:
Table 6- 2  Link budget for the low-resolution m ode radar altimeter
Pp: the peak transmitted power (W) 7
G0: antenna gain (dB) 40.5
a0: normalized radar cross section (dB) 7
X: radar wavelength (m) 0.022
ATthe effective footprint (m2) 82.7
Tc: pulse duration (s) 0.000002
H: satellite height above nadir (m) 650000
L (system Iosses)+F(noise figure) (dB) 4.7
k: Boltzmann constant (J/K) 1.38E-23
Ts: Source noise temperature (K) 290
Lr: loss for rain attenuation (dB) 9
See Table 6-2, the result show s that even  using a very short pulse length, the final 
signal to noise ratio is about 53dB, w hich  is m uch higher than high-resolution mode. 
This is because in low  resolution-m ode the effective antenna footprint is m uch larger 
than that in  the high-resolution m ode.
6.3 Digital Chirp Generator
There are several w ays to generate a Chirp signal. A  voltage controlled oscillator 
(VCO ) fed w ith a linear voltage ramp can generate a Chiip signal. But the linearity is 
greatly affected b y  the nonlinearity o f  the VCO . Although the control voltage can 
com pensate the nonlinearity, the V C O  is very sensitive to temperature variation and 
input noise. Thus the reproducibility is poor. The m ost com m only used technique is a 
dispersive delay line using a surface acoustic w ave (SAW ) device. H ow ever a SA W  
device is very sensitive to temperature variation. Another disadvantage o f  this method 
is that the SA W  device reduces the pow er level o f  the signal, particularly i f  the time-
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bandwidth product is large. A nd also it is not convenient to change the parameters o f  
the waveform , which is very critical for radar applications.
W ith the developm ent o f  m odem  digital technology, digital Chirp signal generation 
becom es feasible and practical. It is precisely repeatable, easy to change the 
parameters o f  the waveform  and robust to temperature variation. The disadvantages o f  
digital Chiip generation are the lim ited signal bandwidth and relative large power 
consum ption. But advances in high speed CM OS technology w ill so lve these 
problems.
6.3.1 Principle of Digital Chirp Generation
D igital Chirp signal generation is an inverse process o f  signal digitizing. The 
sequence o f  waveform  sam ples are first com puted according to the required 
w aveform  parameters, and stored in the RAM . During Chirp generation the samples 
are clocked out o f  memory. Then the digital waveform  is converted into an analogue 
w aveform  by an A /D  converter. The analogue waveform  is filtered b y  a band pass 
filter to rem ove the harmonic spectrum. The principle diagram is show n in Fig. 6-1
Clock
Fig. 6- 1  Principle diagram o f  digital Chiip generation
There are two w ays to address the R A M  lookup table. The first m ethod is quite 
straightforward. W e can calculate the waveform  amplitude at each sam pling point, 
after assum ing that the sam pling rate is sam e as the clock  rate used to generate the 
w aveform  digitally. T hese amplitudes are stored in the fast R A M  sequentially. For 
w aveform  generation, these amplitudes are read out sequentially b y  using a digital 
counter. This method obviously  requires storing all w aveform  sam ples. The m em ory  
requirement for a narrow bandwidth short pulse width system  is m odest. For exam ple 
a 100 us x 2  M H z  pulse generator requires only 400  words R A M  i f  w e  generate the 
pulse in base band. And also because this method is relatively sim ple, it is w idely  
used in digital pulse generation for radar application.
But i f  w e want to generate a w ide bandwidth long pulse-length signal the situation 
w ill be different. For exam ple i f  w e want to generate a 100 us 40 M H z  pulse in base
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band, w e  need about 8K  words. I f  w e  want to generate the pulse in IF, w e  w ill need  
even larger memory. So another waveform  addressing method is proposed here, based  
on phase information, because there is a defined relationship betw een signal phase 
and amplitude o f  the sine fimction. I f  w e  can calculate the phase as a function o f  tim e 
in  the form o f  a series o f  digital numbers, then these phases can be used as addresses 
to cyclica lly  access the contents o f  the w aveform  memory. B ecause the sine function  
is a periodic function, the sam ples in one period are enough to be used b y  samples in  
other periods. This w ill greatly reduce the m emory, especially w hen the signal has a 
long tim e duration. This is the principle o f  the Direct D igital Synthesis (D D S). D D S is 
a cheap and powerful m ethod in m odem  frequency and signal synthesis. Follow ing I 
w ill first introduce the principle o f  D D S and then discuss the digital Chirp generation  
based on D D S.
6 .3 .2  Principle of DDS [Qualcomm, 1996][Goldberg, 1996]
6.3.2.1 General DDS Operation
The b lock  diagram o f  D D S  is very sim ilar to the Fig. 6-1, except the address 
generator is a phase accumulator. A  typical functional b lock  diagram o f  D D S  
(Q 22401-1N ) is show n in Fig. 6-2.
SYS CLK-
FC[22;0] 7^
23
HOP CLK 
FCSELECT- 
OBN 
RESET/
Frequency
Control
Register
T ~ T
Phase
>
Accumulator
 /
24
— / -------
14 Sine lookup 
Table 10 OUT[9:Oj
Fig. 6- 2 Q 22401-1N  functional b lock diagram
The phase value stored in an input frequency register is added to the value in the 
phase accumulator once during each period o f  the system  clock. The resulting phase
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value (from 0 to 2n) is then applied to the sine lookup table once during each clock  
cycle. The lookup table converts the phase information to its corresponding sine 
amplitude, as illustrated in  Fig. 6-3. The digital word is then output from the D D S.
F0UT=System Cl°ck Frequency 
Fig. 6- 3 Sam ple sine waveform
To output a particular frequency, the associated phase increment value must be loaded  
into the input frequency register. The output frequency (Four) and clock  frequency 
( F clk) are related to the phase increment value ( A (p ) by  the fo llow ing equation:
J7 _  fcKJ_ ' S(P ,£■  r y ,
Rout ~  ^ k * '
W here N  equals the number o f  bits in  the phase accumulator.
A n y  frequency can be generated b y  programming the phase change w ithin the bit 
resolution o f  the phase accumulator. The frequency resolution can be determined by  
the follow ing formula:
A / =  ^  (6.8)
W here Af  is the frequency resolution.
For exam ple, using Q 2 3 6 8 I - ls l(a  m odel o f  Qualcom m  D D S ) where F c l k  is 20M H z  
and N  is 32, the frequency resolution w ill be 0.00465H z. Even a D D S operating at a 
clock  rate o f  500M H z, for N = 32 , the resolution is still 0.125H z. Therefore the size o f  
the accumulator controls the frequency resolution, and increasing the accumulator
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size  is quite sim ple and adds little to the cost and com plexity o f  the design. Compared 
to the cost and com plexity o f  resolution in PLL techniques, this is a remarkable 
advantage.
The m axim um  generated frequency is lim ited by  the N yquist sam pling theorem, 
w hich is h a lf o f  the clock  rate. Practical limitation in the realization o f  the LPF sets 
the m axim um  output frequency at about OAOFclk, or 40% o f  the clock  frequency.
In D D S all parameters are generated digitally and are therefore easy  to manipulate. 
This m eans that very accurate and fast m odulation is easy to implement.
A  com plete descriptive b lock diagram is shown in  Fig. 6-4. The accumulator input is 
the frequency control port. S ince the direct digital synthesizer can be switched very  
fast and is phase-continuous, it is  easy to change the frequency and generate 
frequency modulation (FM ). A n interesting application is to put one accumulator in  
front o f  another accumulator, as show n in Fig. 6-4.
Fig. 6- 4  Lineai* and nonlinear FM  in D D S
Since the accumulator performs an integration function, the phase output w ill result in  
a quadratic function and the result w ill be a linear FM  or Chirp signal. This is the 
basic structure o f  the D D S Chirp generator.
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A  more general b lock  diagram o f  D D S is show n in Fig. 6-5. A s the output o f  the 
phase accumulator is the phase o f  the generated signal, it is rather sim ple to include 
phase control. B y  putting an adder betw een the accumulator and the ROM  w e can  
produce phase modulation. This fimction is very useful w hen w e want to compensate 
the phase distortion o f  the generated Chirp signal, w hich  is caused by  the filters and 
power amplifier in the RF and m icrowave system . Since the output o f  the ROM  
represents the amplitude o f  the sine, amplitude m odulation is possible i f  a multiplier is 
inserted betw een the RO M  and the D A C . This function m ay be used to compensate 
the amplitude distortion in Chirp generation.
Digital FM Digital <j»M Digital AM
Fig. 6- 5 D D S block diagram and functionality  
6.3.2.2 Spectral Purity o f DDS
The spectral quality o f  a D D S system  is obviously  very important in frequency 
synthesizer application. It is also very important in pulse w aveform  generation. A  
spurious signal o f  a strong echo w ill be regarded as a small target in radar operation. 
The spurious signal o f  D D S is dependent upon a number o f  factors including the 
phase noise o f  the clock  source, the number o f  phase bits applied to the sine lookup  
table (i.e. phase truncation, w hich  is an internal operation o f  the D D S and cannot be  
externally influenced), and the number o f  bits output from the lookup table (i.e. 
amplitude truncation).
The specifications o f  the D A C , LPF design, and circuit card design also affect the 
quality o f  the converted sine w ave. The linearity and glitch energy specifications o f  
the D A C  are especially  important to the generation o f  pure sine w ave signals. Careful 
attention to layout o f  the printed circuit design is important for lim iting the noise o f  
the synthesizer. D igital sw itching and pow er supply noise must be lim ited from  
coupling w ith clock  and analogue signals.
•  C lock S o u rc e
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The clock  source input to a D D S system  is the major contributor to the phase noise o f  
the system , even though its effect is reduced b y  the frequency d ivision process o f  the 
D D S . The phase n oise o f  the D D S  output w ill show  an improvem ent over phase noise  
o f  the clock source itse lf  o f  2 0 log (FCLK!F 0UT) ,  where F0UT is the generated
frequency. B y  using a high  stability crystal oscillator w e can synthesize frequencies 
w ith  very low  phase noise b y  D D S.
•  P h a se  T ru n ca tio n
G iven that a D D S accum ulates N  bits o f  phase information, on ly  a portion o f  the M ost 
Significant B its (M SB ) are input to the sine lookup algorithm, suppose K  bits, K < N . 
This reduced number o f  phase bits input to the sine lookup function is called p h a se  
trunca tion . Phase truncation is an internal operation o f  D D S and cannot be externally 
influenced. The truncation o f  the Least Significant B its (LSB) is a loss o f  phase 
information and contributes errors. O nly w hen the truncated bits in  the control word  
are zero w ill the frequency generation not have phase quantization error. Thus the 
number that w ill not have phase quantization error is on ly  2 * -1. A n exam ple w ill give  
a demonstration o f  phase quantization error.
Let us suppose that N  =  4 ,  W  = 2 ,  w hich is the phase increment at the clock  rate. In 
this case after 8 clocks the accumulator w ill reach the exact state 2 N  • 2 k  . Thus the 
output frequency w ill be F CLK /8 and the accumulator states w ill be
0, 2, 4, 6, 8 ,1 0 , 12, 14, 0, . ..
H owever, i f  W  = 6 ,  then the cyc le  w ill be
0, 6, 1 2 ,2 , 8, 1 4 ,4 ,1 0 ,  0 , . . .
In this case, 3 cycles o f  the fundamental output frequency (o f  frequency 6/16 FCLK ) 
w ere needed to com e back to the original state. This w ill create a spurious signal at 
one-third o f  the output frequency given  by 6/16 FCLK and its harmonics (this is due to 
the phase error is 3 cycles in  period and this phase error m odulation w ill result in  
harmonics).
A  general sim ple approximation for phase error m odulation spurious signal is given
( m 2 ~k F
b y [Goldberg, 1996] :PM spurious signals= »  10 log - — - ——  dBc
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The spurious signal approximates to -6KdBc. The phase resolution is determined by  
the bits used to address the lookup table. The more bits used to address the lookup  
table the smaller is the phase quantization error. But the phase is finally represented 
by the bits o f  the output from the lookup table, w h ich  represents the amplitude o f  the 
sine waveform  mapped from the input phase. B y  using a 12bit D A C  w e can achieve a 
spurious signal o f  phase quantization smaller than -72dB. M ost D D S chips have a 
phase randomization function that can further reduce the spurious signal caused by  
phase quantization. Qualcom m  D D S w ith  12bits D A C  can achieve phase quantization 
spurious signal smaller than -76dBc.
•  A m v litu d e  Q u a n tiza tio n
Am plitude quantization occurs in the sin e  lookup process. The lookup takes in a fixed  
number o f  bits o f  phase information and converts it to the equivalent sine amplitude. 
Since an ideal sine representation w ould require an infinite number o f  bits for m ost 
values, the value m ust be truncated. Here the amplitude quantization error starts by  
assum ing that there are no errors introduced b y  any o f  the elem ents and that the only  
source o f  error in the quantization process is the DA C . In this case, i f  the D A C  is  
represented b y  D  bits, the integrated signal to quantization n oise is easily  calculated as 
follow s: the sine w ave has a peak-to-peak amplitude o f  2 D , and therefore its pow er is 
given by
The quantization error is assumed to be random and equally distributed from -0 .5  to 
0.5. The quantization noise power is thus given  by
distributed from -0 .5  to 0.5. The error pow er is therefore E r - 1/12. Thus the 
integrated signal to noise ratio (SN R ) o f  an ideal direct digital synthesizer w ould be
f  nD V
(6.9)
0.5
(6.10)
-0 .5
p ( x )  is the probability density function o f  the error and is assumed to be uniform ly
-—  = 1 .5 -2 2Z) =  6D  +  1.78 dB 
E .
(6.11)
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which is the w ell know n quantization noise in D SP  theory. There is an assumption  
that the noise is random and evenly  distributed. A  further approximation is made that 
the quantization is w hite noise, equally distributed across the operational B W  o f  the
sin jc
direct digital synthesizer. One should expect a   noise spectrum, but once again
x
as an approximation w e can assum e that the noise is w hite and occupies a B W  o f  1/ T , 
where T  is the D D S clock  period. Thus the n oise pow er density N 0 can therefore be  
approximated as
—  =  6£> + 1.78 +  1 0 1 o g {  (6 .12)
N q T
The noise floor performance for a few  D D S parameters is shown in Fig. 6-6.
Fig. 6- 6 Quantization noise floor: -(6D +1.78+101ogFclk) dBC /H z
It is also o f  interest, for a practical application, K  (the number o f  bits at ROM  input) 
should be bigger than or equal to D + 2  (D  is the number o f  ROM  output bits). A s a 
rule o f  thumb, and in  order to provide good performance and econom ics, generally  
designers use W  = D  + 2 or W  = D  +  3 . W e can gain an intuitive insight for this 
requirement by just looking at som e numbers. Bear in mind that the sine is a nonlinear 
function, and as a consequence the dynam ic range is lost in the mapping. The price 
paid is the increase in the number o f  input bits to the ROM . For exam ple, for 8-bit by  
8-bit ROM , the m apping w ill be given by
w • 2 tt
sin(«) =  in t(127sin -——— + 0.5) + 1 2 8  (6.13)
256
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A s show n in Table 6-3, the output o f  the first 64 values (the first quadrant) show s that 
m any addresses o f  the D A C  w ill never be accessed. This obviously increases the 
quantization error.
Table 6- 3 D igital sam ples o f  sine w ave for mapping 8 bits to 8 bits
128 131 134 137 140 143 146 149 152 155 158 161 164 167 170 173
176 179 182 185 187 190 193 195 198 201 203 206 208 210 213 215
217 219 222 224 226 228 230 231 233 235 236 238 240 241 242 244
245 246 247 248 249 250 251 252 253 253 253 254 254 254 254 254
H ow ever i f  w e  change to 1 Obits by 8bits the RO M  w ill g ive a mapping as
f] .9  TT
sin (n ) = int(127 sin +  0.5) + 1 2 8  (6.14)
The result is show n in Table6-4.
Table 6- 4  D igital sam ples o f  sine w ave for mapping 10 bits to 8 bits
128 128 129 130 131 131 132 133 134 135 135 136 137 138 138 139
140 141 141 142 143 144 145 145 146 147 148 148 149 150 151 152
152 153 154 155 155 156 157 158 158 159 160 161 161 162 163 164
164 165 166 167 167 168 169 170 170 171 172 172 173 174 175 175
176 177 178 178 179 180 180 181 182 183 183 184 185 185 186 187
187 188 189 189 190 191 191 192 193 193 194 195 195 196 197 197
198 199 199 200 201 201 202 203 203 204 204 205 206 206 207 207
208 209 209 210 210 211 212 212 213 213 214 215 215 216 216 217
217 218 218 219 219 220 221 221 222 222 223 223 224 224 225 225
226 226 227 227 228 228 229 229 230 230 230 231 231 232 232 233
233 234 234 234 235 235 236 236 236 237 237 238 238 238 239 239
240 240 240 241 241 241 242 242 242 243 243 243 244 244 244 245
245 245 245 246 246 246 247 247 247 247 248 248 248 248 249 249
249 249 249 250 250 250 250 251 251 251 251 251 251 252 252 252
252 252 252 252 253 253 253 253 253 253 253 253 254 254 254 254
254 254 254 254 254 254 254 254 254 254 254 254 254 254 254 254
N o w  every address o f  the D A C  is accessed and every possib le output is being  
generated without skipping values.
• Spurious effects Due to Sampling and DAC Non-linearities
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The frequency and the amplitude o f  the discrete spurious signal are dependent on the 
ratio o f  the generated frequency ( F0UT) to the clock  frequency (F CLK). The 12-bit
digitized sine output theoretically w ill provide a broadband signal-to-spurious ratio o f  
72dB, again depending on the quality o f  the D A C  and LPF design as w ell as the 
printed circuit characteristics and the phase noise o f  the clock frequency.
The D D S is able to generate frequencies over a range from 0H z to lA  the frequency o f  
the clock. H ow ever, limitations on the slope o f  the roll o f f  o f  the LPF determine the 
practical upper lim it o f  the output frequency to about 40% o f  the clock  frequency. Let 
FCLK indicate the frequency o f  the system  clock  and FOUT indicate the generated 
frequency. D iscrete alias im ages due to sam pling frequency aod its m ultiples w ill be  
produced at frequencies o f  FCLK- F o m , FCLK+ F o m , 2FCLK- F 0UT,
and so forth, unless the LPF filters these im ages to acceptable levels. A lso  due to the 
non-linearities o f  the A D C , lots o f  harmonics w ill be generated. Fig. 6-7 show s the 
spectrum o f  a D D S  w hen the clock  is 100M H z and the output frequency is 24M H z. 
The harmonics are usually smaller than -4 0 d B c . B y  choosing a proper clock  rate and 
filtering m ost o f  the im age and harmonics w ill b e attenuated to a satisfactory level. 
General speaking the characteristic o f  the D A C  is  very critical in the D D S  application. 
H igh resolution, fast speed, h igh linear D A C  is very important for D D S design.
Fig. 6- 7 D D S output show ing effect o f  D A C  non-linearities
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6.3.3 Design of Digital Chirp Generator (DCG)
The digital Chiip generator presented here is based on D D S. The Chirp signal can be  
generated in either base band or IF frequency. Chirp generation at base band can give  
a larger bandwidth than generation at IF frequency. But base-band Chirp generation 
needs a signal sideband modulation. In order to cancel one sideband the tw o arms o f  
the m ixer should be in precise balance. The input and output should have a good  
isolation to prevent the break-through o f  the carrier. A ll these are m ain factors that 
prevent the building o f  high quality Chirp signals [Posteam, 1987], Although  
generating the Chirp signal at IF w ill rem ove this problem it requires a m uch higher 
speed o f  digital circuit than generating at base band. Thus the bandwidth o f  Chirp w ill 
be limited. This is w h y until about ten years ago w ide band Chirp signals were still 
generated in base band [Griffiths, 1992] [Eber, 1975]. N ow  D D S can readily handle 
clock  rates up to 400M H z. Here a digital Chirp generation at IF is proposed based on  
the 400M H z D D S technology. The schem atic diagram o f  Chirp generation is show n  
in Fig. 6-8.
IF=140MHz Carrier820MHz Carrier 3280MHz 
BW=40MHz BW=40MHz BW=160MHz
Q
Fig. 6- 8 Schem atic diagram o f  Chiip signal generation
The Chirp signal is first digitally generated at 140M H z with a bandwidth o f  40M H z. 
Then it is D A  converted and filtered to rem ove the im age and harmonics frequencies. 
The output o f  the filter is m ixed  w ith a 680M H z carrier to up convert to 820M H z. 
Then this signal is 4  tim es m ultiplied to up convert to 3280M H z w ith  a bandwidth o f
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160M H z. This signal is  then m ixed  w ith  a 3600M H z carrier to up convert to 
6880M H z. F inally this signal is 2  tim es m ultiplied to 13.76GHz w ith  a bandwidth o f  
320M H z, w hich  is the transmitted Chiip signal.
Here I focus on the generation o f  first IF Chiip signal, w hich is the first two parts o f  
D D S and band pass filter.
6.3.3.1 Spectrum of Digital Chirp Signal generated at IF frequency
For a Chirp signal w ith carrier frequency / 7 , Chirp bandwidth RIF, tim e duration T, 
the frequency expression is (refer to Fig. 6-4):
. . .  ,  . B W . B W  „  B W  r.  _
m = ( f i — — ) + — * = f 0 + — * , t e [ o ,T ]  (6.15)
V B W
B ecause <p(t) =  12n f ( t ) d t  =  2tt[FQ h / ] / ,  t  e  [0 ,F ], the tim e domain expression o f
o 2^
the Chirp signal can be expressed as:
B W
F ( t )  = A % m { 2 7 t [ F ,+ ^ ~ m ,  t e [0 ,T ] (6 .16)
A  is the amplitude o f  the Chirp signal.
According to sam pling theorem, w e  use fo llow ing sampling frequency, so that the 
signal can be reconstituted b y  low  pass filtering:
f s — 2(F 0 + B W )  (6.17)
1 T
The sam pling period is A T  =  — , the number o f  sam pling pointing is: N  =  =  T  * f s
Thus the discrete expression o f  linear FM  signal is
F  B W  F  B W  n
F (n )  = rfsin[2;r(—  +  n)n] = Asin[27T— n +  2;r n ] ,  n & [ 0 ,N ] .  (6.18)
f s  2 N f s  f s  2 N f
F (n )  is the «th sample, N  is the number o f  samples.
The corresponding phase o f  F (n )  is 
F  B W
q)(n) = 2 n — n Jr 2 n  /?2, « e [ 0 , V ]  (6.19)
f s  2 N f s
B ecause the sam ple resolution is lim ited b y  the number o f  the bits o f  D A C , the 
sam ples stored in the lookup table are:
£>(«) = (2°-, - l) { l  + int[sin(2^ 5 L + 2 ^ ^ H 2)]} . ne[0,JV] (6.20)
J  s * / Is
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in t( )  is the quantization function to get the closest integer and generate a quantization  
error o f  not more than ± 1 /2  LSB. Then the D D S-based Chirp generator can be built
p
as show n in Fig. 6-9. The carrier frequency I n —  is input as the frequency
f s
B W
m odulation, the ramp rate o f  the Chirp signal I n  is input from the first
frequency accumulator. The output from the phase accumulator w ill be <p(n) , which  
w ill be used to address the ROM . The output from ROM  w ill be D (n ) .
Fig. 6- 9 Schem atic diagram o f  digital Chirp generator
Suppose the clock  rate o f  D C G  is 400M H z, the generated Chirp is at IF w ith  a 
140M H z carrier and bandwidth is 40M H z. B ecause o f  sampling, the spectrum has 
been shifted repeated b y  the sam pling frequency and its integer m ultiples. The 
spectrum o f  the generated digital Chirp signal is show n in Fig. 6-10. (O nly the 
spectrum w ithin the m ain lobe o f  the sample pulse is given.)
Fig. 6-10 Spectrum of digital Chirp signal
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From Fig. 6-10 w e  find that in order to select the generated Chirp signal and reduce 
the phase distortion a linear-phase band-pass filter is needed. In order to reduce the 
amplitude distortion the 3dB cu to ff frequency should be larger than the signal 
bandwidth. The attenuation o f  signal at the edge o f  the signal spectrum should be 
smaller than ld B . The attenuation at 240M H z should be larger than 30dB, w hich  is  
the spurious signal level requirement o f  the radar altimeter. A  6-pole linear-phase 
w ith equiripple error (phase erroi—0.5°) band-pass filter can b e used to achieve this 
[W illiam s, 1981]. The 3dB cu toff frequency is set to be 140±33M H z, w hich  should  
realize a signal attenuation o f  less than ld B . The attenuation at 240M H z is now  larger 
than 35dB.
The frequency response o f  the D A C  depends on  the sample-and-hold action o f  the 
DA C . It w ill also shape the signal spectrum o f  the generated Chiip as show n in Fig. 6- 
10. The pow er spectrum o f  the shaping function is:
FDAC( f )  =
sin(;r 
 f s
* 1
f .
f  2
(6-20)
This causes a different attenuation at the edges o f  the signal spectrum, the difference 
being about ld B . The shaping function also g ives a larger attenuation o f  the first 
im age spectrum than that o f  the wanted Chirp signal, by about 3.5dB . So the alias 
signal at 240M H z should be about 40dB  low er than the generated Chirp signal. This 
distortion caused b y  filter and D A C  can be corrected by a pre-distortion. This pre- 
distortion can be applied as an amplitude m odulation at the output o f  the lookup table.
6.3.3.2 Phase and Amplitude Distortion
From the above discussion the phase and amplitude distortion o f  the Chirp signal can 
be classified  as two categories: errors from the digital parts o f  the D C G  and errors 
caused b y  the w hole signal path (filters, transmitter, signal multiplication, etc.). A s  
m entioned before, the D D S w ill generate phase quantization errors and amplitude 
quantization errors. W hen the number o f  input bits to the RO M  is about 2bits more 
than the number o f  output bits from the RO M , the phase quantization error w ill be 
determined b y  the number o f  bits o f  the output o f  the ROM , w hich  are the bits o f  the
106
Chapter 6 System Study o f Two Mode Radar Altimeter
DA C . Phase distortion generated in D D S usually is a short-wavelength phase 
distortion, w h ile phase distortion generated from filter, transmitter and amplifier 
usually is long-w avelength phase distortion. A  thorough discussion is given  by  Prof. 
Griffiths [Griffiths, 1992].
Lons-Wavelensth Phase Distortion
N o w  consider a Chiip signal w ith  phase distortion present. Let the target echo be 
given by
A<j>(f) is the phase distortion, a  is  the linear FM  rate. A s the transmitted signal and 
the local oscillator are generated from  the sam e unit, the distortion w ill be similar 
(except for the phase distortion generated w ithin the transmitter, w hich  w e temporally 
ignore ). A  typical long-w avelength phase distortion is shown in F ig .6 -1 1.
S r( t)  =  cos[©</ + ^ Y  + A 0 (0 ] (6-21)
Phr—
>
frequency
Fig. 6 -1 1  Long w avelength  phase error o f  Chirp signal
The local oscillator signal is then:
S LO ( 0  =  c o s K  (t + t ) +  J  (t +  t ) 2 + A(j)(t +  r)] (6-22)
The de-ramped signal is:
S dr (r) =  cos[cnT +  (q)qt  + —~ ) +  A (j)(t + r )  -  A^(f)] (6.23)
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The first term in (6.23) is a linear phase. The second term is a constant phase. The 
third is the difference o f  long w avelength  phase distortion. Suppose the phase 
distortion A(j>{t) is expanded as a Fourier series, the dominant term (usually the first 
sinusoid term) can be expressed as:
A<f>(t) = m<pp cos co]  (6.24)
where
(f)p is the peak phase error o f  this term. 
m  is the subsequent frequency m ultiplication factor.
o)i is the angular rate o f  the dominant phase error distortion, it can be expressed as:
2 k  2 k  1 d f
co. = ----------- = ---------- — (6.24)
p e r io d  A f  m d t
The value o f  r  is usually a few  hundred nanoseconds for typical case, thus 
coy «  2 k  . The phase distortion m ay approximate as:
2  tv d f
A(j)(t +  r )  -  A<j)(t) «  rcoi(f)D sin co] = t  — <fiD sin co] (6 .25)
A f  d t
L et’s suppose t  =  300ns  , A f  =  10M H z , —  =  ^ = 2 ° ,  the final residual
J d t 100 jus Yp
phase distortion is about 0.6°. I f  the period o f  phase distortion is  even  larger, more 
phase error w ill be cancelled. A s pointed out in the literature [Griffiths, 1992], i f  only  
5 cycles o f  phase variation occur over the chirp bandwidth the residual phase error 
w ill be less than 4° even i f  the original phase error is as large as 6 rad. This is a 
distinct characteristic o f  de-ramp processing o f  linear FM  radar.
Short-Wavelensth Phase Distortion
The short-wavelength phase distortion usually com es from the digital quantization. 
The period is m uch less than t  . The approximation o f  (6.25) is not valid. This phase 
distortion can be treated as a sinusoid phase modulation, at a frequency equal to the 
clock  frequency f dk. Thus
Acj)(t) = <j)p sin 2 j f dkt  =  <j)p sin codkt  (6-26)
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A (j)(t + t ) ~  A(/>(t) =  <f>p [ s m c o clk( t  +  t ) ~  sinu>c/J ]
The resulting phase error is still a sinusoid  function, but the amplitude varies w ith t  
It has a m axim um  value:
2 K
A (j)(t + t )  -  A (j)(t) =  2(f)p sin<s?c/J , w hen t  = (n  + 0.5)-
co.elk
Taking the worst case and ignoring the constant phase term, (6 .23) can be express as 
S dr (t)  =  co s[« x  t  + 2(f)p sin codkt]
which is a typical phase m odulation function. It can be expanded as
S J t )  = J o(20p)-  / , ( 2 ^ ) [ c o s  (ca- codk) t - c o s { a r  +
+  J 2(2<frp)[c o s(a r  -  2 coclk) t -  c o s (a r  +  2 codk)t]
-  Jr3(2^p)[co s(a x  -  3coclk) t  -  cos( a r  +  3coclk)t]
+  ••• (6.27)
where J n (•) are B essel functions o f  the first kind o f  order n. The sideband spectrum  
w ill be at ± m (o clk. For f dk = 4 0 0 M H z ,  this sideband w ill be outside the range 
window . The relative amplitude o f  the first pair o f  sidebands to the carrier is
f ( 2  <f>p)
(6.28)
For an 8 bit D A C  the quantization phase distortion is about 0.22°. B ecause 8 times 
frequency m ultiplication is applied to the d igitally generated Chirp signal to get a 
final 320M H z bandwidth, the final phase distortion w ill be (f)p = 0 .2 2 °  x 8  = 1.76°.
Substituting <f>p = 1.76° into (6 .28), the sideband w ill be 30dB low er than the earner. 
A m p litu d e  D isto rtio n
The amplitude distortion usually com es from the filter distortion and pow er amplifier 
distortion. It is usually slow  variation distortion. The distortion present on the 
transmitted signal and local oscillator can also be expanded in  a Fourier series 
representation. The important thing is that w hen the echo and loca lly  generated Chiip  
m ultiply w ith each other the amplitude distortion w ill add. W e let the amplitude
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modulation o f  echo and local oscillator due to one term o f  the Fourier series be  
expressed in terms o f  a m odulation index s. Then
W hen these two signals are coincident, i.e. r  =  0 ,  it is easy to show  that their product 
is amplitude modulated b y  (1 +  2 s  cos (DAt ) . The term e 2 co s2 coAt  is  ignored because  
s  is very sm all (for 0.5dB  amplitude ripple, s  =  0 .1 2 ). Thus a given  value o f  
amplitude ripple on the tw o signals w ill result in  tw ice the amplitude m odulation o f  
the de-ramped echo. A ccording to amplitude m odulation theory this w ill result in  a 
pair o f  A M  spectrum, w hich  w ill be a spurious signal in the final demodulated  
w aveform . For s  =  0 .0 2 4 , w hich  corresponds to a 0.2dB amplitude ripple, the system  
w ill generate a -3 2 d B  spurious signal.
6.4 Conclusion
The link budget o f  the tw o-m ode radar altimeter has been evaluated. It show s that in  
order to operate a radar altimeter in a pow er lim ited condition, a lm  antenna is 
needed. A t high-resolution-m ode, it leaves about 9dB margin for rain attenuation, 
w hich is a com m on figure used in radar altimeter design. Actually, b y  increasing the 
pulse length to 300ps w e can get another 4.7dB  link budget margin. For low  
resolution m ode, there is a b ig  margin in link budget because it has a large beam- 
lim ited footprint, w hich m eans it has a much larger radar cross-section than the pulse- 
lim ited case.
A  detailed discussion is g iven  about digital Chiip signal generation based on D D S. A  
digital Chiip signal generated at IF frequency is proposed so that can rem ove the 
single sideband modulation. This can avoid carrier leakage and unwanted spurious 
signals, which are the m ain lim itations o f  high quality Chirp signal generation. 
U sually  frequency m ultiplication w ill produce a signal w ith  m uch greater spurious 
content. The greater the m ultiplication the higher the spurious signal. B y  using high
S r (t) = (1 +  £COSl0/)cOS[tf)oZ + (6.29)
The locally  generated Chirp signal is :
(6.30)
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speed D D S a w ide bandwidth digital Chirp signal can be generated. Thus only 8 times 
m ultiplication is needed to generate a 320M H z Chirp signal.
The analysis o f  phase and amplitude distortion shows that m ost o f  the long  
w avelength phase distortion can be cancelled by the de-ramping processing. Short 
w avelength phase distortions generate a spurious response that is far away from the 
echo w indow . They have little effect on the radar altimeter. But the amplitude 
distortion tends to add w hen the signals are aligned. Thus the amplitude distortion w ill 
be increased. Som e m ethods such as amplitude limiters m ay be used to cut the 
amplitude ripple and reduce the amplitude distortion.
In above discussion, I assum e the echo and locally  generated Chirp signal experience 
the sam e electronic path, so that they have the sam e distortions. But actually the echo  
w ill go through the transmitter and front end, w hile locally  generated Chirp does not. 
This w ill result in  different phase distortion that cannot be cancelled. One w ay to 
overcom e this problem is to reduce the distortion generated in these parts. Another 
w ay  is to make a pre-distortion at the digital chirp generator as long as the distortion  
is know n and stable. B y  using D D S , this com pensation is not very difficult.
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Chapter 7 Summary And Future Work
7.1 Sum m ary
The aim o f  this research is to investigate a possib le w ay  to build a radar altimeter for 
sea state monitoring on board a microsatellite. Several methods that can save power  
and reduce the requirement o f  accurate A D C S have been studied. Both the 
conventional pulse-lim ited radar altimeter and the synthetic aperture radar altimeter 
have been evaluated to try to find their advantages and disadvantages. Finally a 
com bined two-m ode radar altimeter is proposed for sea state monitoring. The 
principle ideas generated in  the research are summarized as follows:
•  Conventional radar altimetry is a w ell-established technology. Its main  
purpose is to determine the m ean sea surface height w ith  an accuracy o f  a few  
centimeters. This application requires accurate orbit determination and 
accurate estim ation o f  propagation delay caused by  ionosphere and 
troposphere. E ven m ore accurate measurement is required to correct the error 
caused b y  EM  bias and skew ness bias. But for sea state (SW H  and w ind  
speed) m onitoring, the operation m ay becom e relatively sim ple. For SW H  
measurement, on ly  the shape o f  the echo is important, w hich m eans the above 
delay correction is not necessary. But a high range resolution radar is 
demanded. For w ind speed estim ation, an accurate calibration o f  power link is 
required. The attenuation due to rain and cloud must be accounted for before 
the w ind speed can be derived, which m eans an on board radiometer m ay be  
wanted. A lso  due to the system  ageing and instability, the transmitted pow er  
and receiver gain should be monitored routinely. Comparing to usual scientific  
radar altimeter m ission, m ost o f  the work o f  sea state m onitoring relies on the 
radar altimeter itself.
•  Because the radar altimeter w ill be on board a m icrosatellite, any method that 
can improve the pow er efficiency is valuable. It w as stated that synthetic 
aperture processing could im prove the signal-to-noise ratio by making use o f  
more power reflected from the footprint. The signal processing method o f  the
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synthetic aperture radar altimeter and its effect on the final signal-to-noise 
ratio improvement has been evaluated. We showed that the signal to noise 
ratio improvement reduces as the SWH increases. Compared to the 
conventional radar altimeter, the signal processing o f synthetic aperture radar 
altimeter is more complex. So for sea state monitoring, synthetic aperture 
processing will not provide much benefit.
• While we conclude that the conventional radar altimeter will remain the best 
choice for sea state monitoring, we need to know the factors that will affect 
the performance o f SWH and wind speed measurement. In chapter 4, the 
performance evaluation is done based on computer simulation. The Brown 
model is used for sea echoes simulation. SMLE is used for on board signal 
processing simulation. The system distortions, including antenna off-nadir 
pointing, signal amplitude and phase distortions were studied in detail. The 
conclusion is that antenna off-nadir pointing is the main contributor to the 
SWH error. But if  antenna off-nadir pointing angle is smaller than 0.5°, which 
is a normal performance o f a microsatellite, the SWH estimation error will be 
within 0.5m or 10%, whichever is larger. SWH error caused by reasonable 
amplitude and phase distortions are very small and can be ignored.
• Normalized radar cross-section measurement is more sensitive to pointing 
error. Even 0.5° off-nadir pointing induces a big error in normalized radar 
cross-section measurement. Normally 0.2° control accuracy is required in 
order to have a satisfactory wind speed measurement. Although the error can 
be removed by having knowledge o f pointing angle, at 0.5° off-nadir pointing 
condition, the pointing knowledge should be better than 0.1° in order to make 
the normalized radar cross-section error smaller than 0.4dB. A novel low- 
resolution mode radar altimeter is proposed in order to give a satisfactory 
measurement o f normalized radar cross-section at 0.5° pointing error. This has 
been discussed and simulated in detail in chapter 5.
• In chapter 6 the link budgets o f the two-mode radar altimeter have been 
studied. They show that the low-resolution mode has a big link budget margin. 
But for conventional high-resolution mode, it is necessary to have a lm
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antenna and satellite altitude should be around 650km in order to give a 
satisfactory link budget.
In this chapter, the digital Chiip generator is also studied, based on high speed 
DDS. The Chirp signal will be generated at IF instead o f generated at base 
band. This w ill avoid carrier leakage and unconcealed sideband, which 
dominate the system performance in terms o f  spurious signals. By using de­
ramp pulse compression, the long wavelength phase error can be cancelled. 
Short wavelength phase distortions generate a spurious response that is far 
away form the echo window. They have little effect on the radar altimeter 
performance. But amplitude distortion tends to add when the signals are 
aligned. Thus the amplitude distortion will be increased. Some methods such 
as amplitude limiters may be used to cut the amplitude ripple so as to reduce 
the amplitude distortion.
7.2 Conclusion
The proposed two-mode radar will operate at conventional high-resolution mode and 
low-resolution mode alternately. The low-resolution mode is actually a nadir-looking 
wind scatterometer, which is specialized for radar cross-section measurement. This 
two mode operation will share the same front-end electronic part, but has separate IF 
parts. As we mentioned before, the low-resolution mode requires a reference sampling 
time that will be derived from the high-resolution mode. The system delay o f the two 
modes must be calibrated well before launch. Because the delay time calibration 
requirement is relatively coarse (about 50ns), it may be maintained after launch. Thus 
on board delay time calibration may not be necessary or may be required very loosely. 
But this relies on detailed testing after building the radar altimeter.
By operating the radar altimeter in two modes alternately, we can cope with a 
pointing error as large as 0.5°. By using a long Chirp pulse we can transmit the pulse 
in a low power, about 7W. Thus a solid-state, lightweight radar altimeter may be built 
on board a microsatellite. The requirement o f system distortion is not very high, in 
terms o f amplitude and phase distortion. It is therefore possible to build a cost 
effective radar altimeter in the future for the sea state monitoring.
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7.3 Future Work
The two-mode radar altimeter will operate in high-resolution mode and low-resolution 
mode alternately. They will share the same front end but have different IF sections. 
The low-resolution mode operation needs a time reference to sample the peak point o f  
the echo. The requirement o f  time reference accuracy is about 50ns if  we use a 2ps 
pulse. The accuracy o f  the time reference is affected by the IF receiver delay. This 
different delay can be calibrated before lunching the altimeter. But the delay time will 
change due to the temperature and system ageing. Therefore the delay time variation 
must be monitored routinely. Thus an internal calibration system is required.
The next step o f the work is to build two IF receivers for each resolution mode 
respectively. For the high-resolution mode, the processing starts from the first de­
ramping. For the low-resolution mode, it starts from the first down converter. Both are 
ended before the AD converter.
It will be necessary to build an internal delay time calibration system to measure the 
delay time difference. We then change the delay time between the input signals and 
test the accuracy o f the calibration system. The delay time accuracy after calibration 
should be about 50ns.
Finally the low-resolution mode IF system can be integrated into the conventional 
high-resolution radar altimeter ready for further flying tests.
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Appendix I Delay and Doppler effect on returned signal
Fig. A l - 1 Relation between time and distance from target to radar
Suppose a target is moving in a straight line with a constant speed v. The distance 
from radar to target is zo when a pulse is transmitted towards the target. The pulse 
touch the target at time ti and reflected back at that time when the distance from target 
to radar is z\. The radar* received the echo at time t2 when the distance is z2.
We can get following relations:
t
to ti
(AI.1)c
zx = z0 + V/ (AI.2)
Therefore
VZJ]
Z x = Z 0 + V / 0 +  — (AI.3)c
or
(AI.4)c
Then
2zx _ 2z0 _ 2v ,— -r l o (AI.5)
c c - v  c - v
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(AI.6)
c — v c -v  c-v  c-v
We see therefore a time dilation factor - responsible for the Doppler shift and delay 
term which is slightly larger than time it would take to get to the distance Zo.
Now a pulse received as q(t) resembles what was transmitted earlier as p(t). If we are 
at time t =t2 and looking at q(t) that would be the same as looking at p(t) at an
earlier time t =t0.
p(to) = q(t2) (AI.7)
and dropping subscript
(AI.8)
c -v  c+v
To an adequate approximation we have
<7(0 = P((1 (AI.9)c c c
and i f  we substitute for a carrier frequency coc
p(t) = Qxp(jcoct) (AI.10)
q(t) = Qxp(jo)ct -  j (AI.11)
Identifying terms then
CO T CO Tq(t) = exp (jcoct -  j  co Dt -  jcoczQ + j  - ^ - )  = exp jcoc (t -  t0) ■ exp jcoDt • exp j  —
(Al. 12)
The last term in (AI.12) can be ignored because it is almost a constant.
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Appendix II Algorithm for synthetic aperture radar altimeter
Fig. A ll- 1 Mapping relation between conventional radar altimeter
and SAR altimeter
Dr. Raney proposed a delay compensation method for synthetic aperture radar 
altimeter [Raney, 1998], but only a simple result was given. In fact it can be derived 
from wavennmber domain algorithm.
The mapping relation between conventional radar altimeter aud synthetic aperture 
radar altimeter is shown in Fig. AII-1, which is from left side to right side. From this 
mapping, we can easily derive the flat surface response function. The mapping 
relation can be proved as follow according to “oy-k” algorithm. Because radar 
altimeter is de-ramp on receiving, I will derive it from the beginning.
• Signal receiving
As shown in Fig. AII-2, satellite flies in space in a straight line with a speed o f V. The 
distance from satellite to ground is Rs. A co-ordinate system is built as follow: the X 
co-ordinate is on the ground and parallel to the satellite’s path, Z co-ordinate is 
perpendicular to the ground and cross the satellite’s path through the center o f a 
certain aperture. A point target on the ground (xt,yt,zt), at certain time the satellite is
at (Xa>y„’ ZJ -
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Fig. A ll- 2 Geometry o f synthetic aperture radar altimeter
Suppose we transmit a linear FM signal:
St(n,t)= atrect
T\ p j
Jlnfct a jKyU (AH.l)
Here t = t ~nT represents fast time, that is time within a signal received from a 
specific transmitted pulse and reference to the time o f individual pulse generation.
A  backscattered signal from a point (Xt,Yt,Zt) is:
S , . ( « ,/ )=  arrect (AII.2)
Rt is the distance from satellite to the target at a certain time. Frequency/) is the 
Doppler shift o f the echo returned from that point target, which is always been 
ignored by SAR designers. But this term is widely used in tracking radar for ranging 
accuracy evaluation. The origin o f equation (5-2) is given in section 2.1. Here,
E ,  =  -  x , f  +  ( U  "  Y ' ¥  +  ( z a  “  Z ' ) 2 =  V U G 1  x , Y  +  R
(AII.3)
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where, RB = R y„-T ,)2 + (Z „ -Z ()2 , is the minimum range from radar altimeter to 
the scatterer occurring when xa =xt.
The reference signal used to de-ramp the echo from (xnynzt) is
s ,-ef (n,t)= a,.rect r i - 2 R j AT\ p
Here Rs = zrt is distance from satellite to ground. And this distance is tracked by on
2 R
board a—j3 tracker. We set the delay time corresponding to — - ,  and S, e/  mixed with
c
Sr and low-pass filtered to get the output o f
s m, {Xa, i) =  aject (X° ~ X°')rect (AII.5)
L 2P
X —XHere rect(— ------ —) is a function for the signal collection range in along trackL
direction at a certain squint angle.
is the central position o f a certain aperture;
L is the aperture length;
1 < X a  ~ X ac < 1
2 ” L ~2'
-IL-XR,-R,) + ^ r (R ,-R ,f +2rfJ (AII.6)e y e  c
From (AII.5) we use xa instead o f n to stand for the along track position, because 
X /vrt = —j ;—. The second term in (AII.6) is an unwanted phase effect known as residual
video phase (RVP). It is specific to chirp systems that de-ramp in the time domain as 
the above model does. If the variation o f this term is small over a synthetic aperture, 
we can safely ignore it. In SAR altimeter application we can safely ignore it. So 
(AII.6) can be written as
<DM(XaJ) = - ^ W + i -  R,-R,) + 2*fJ (AII.7)c y c
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We define
r = ^ 7 _ r  fc |  ^ 2R s ) = 4^rc | 4 n y  ^  2 R s  ^= 4tt (AIL 8)
(AIL 9)c c
2nfd _2 n  f2V  c o s ( a d) _  -  4n c o s ( a rf) 
V ~~V c “  I
=  Kr c o s (a d)
(AIL 10)
From (5-8) we find K r  is the wavenumber (something like Doppler but divided by 
speed, which is the phase change per unit length) changed with time.
So from (5-5), (5-7), (5-8), (5-9) we can get:
Now signal is in azimuth-range wavenumber domain, or you can say in the azimuth- 
range frequency domain after range de-ramp. A more obvious explanation is given to 
a two dimensional geometry in [10] where you can find de-ramp is a range Fourier 
transform to a two dimensional scattering function.
Following I will deal DD altimeter signal as given by Dr. Raney but with a 
modification on range-skew compensation and range Doppler ambiguity 
compensation.
•  On board signal processing for synthetic aperture radar altimeter
As already given in my report, derivation given here will be as simple as possible.
Alone track FFT
From (5-11), using Principle o f Stationary Phase, we get:
s „ ,  {X „K r) = a,.Ant (X" f  “ )rect (j-)e
P
— JKR  (Rt - R s )+2ttfd i'+ 2 n fd - ± -  
c (AII.11)
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2 R
= (All. 12)
with
<tKKx ,KR) = -K xX, -R Bf K l  - K l  +KrRs
^ - K x X , + K r ( R s - R b ) - R b K r E a i  (An-13)
IK. R
\S(Kx ,KR) \ = r e c t p ^ M £ )  rect( f A k  - 3 = f ^ )  (AH.14)
4 nyTplcL jK 2R-K 2x l
cK fusing the substitution t' = — — i n the red function.
4 ny y
(AIL 14) is the amplitude o f the spectrum o f the de-ramped data in two dimensional 
wavenumber domain. Its maximum occurs when
kxRb +x*c A  =0 (An.i5)
N Kl~Ki  L
Using geometric relationship (AIL 15) condition can be expressed as:
Kx -  Kr cos(ad) (AIL-16)
For narrow signal bandwidth, (All. 16) can be simplified to 
Kx ~ Krq cos(ad) , Kro corresponds to carrier frequency.
The second red() function in (A ll-14) then can be simplified to:
Sinc(Kx -K ROcos(ad )) = Sinc(Kx -K x0) (AH. 17)
Equation (AIL 13) becomes:
K\o0(KX,Kr )»  -K x Xt + Kr(Rs -R b) -R bKr — f -
2 KRO
K  ^ kA
= -Kx X, + Kr(Rs -R b) -R bAKr - f  -  -  RbKro — f -
RO RKRO
(AIL 18)
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The last term in (A ll-18) is a range-dependent phase. If Rb changes very little within 
the imaging area (which is the case o f synthetic aperture radar altimeter), this term is 
effectively a constant. Otheiwise, range dependent phase compensation should be 
applied to focusing, which is the case o f imaging SAR. For synthetic aperture radar 
altimeter, (A ll-18) can simplified to be:
K2<HKX,Kr ) = -K xX, + Kr(Rs -R b) -R bAKs - f -  . . .(AH. 19)
ZKrq
The last term is the delay compensation proposed by Dr. Raney.
Doppler induced ranse error compensation
J2nfd (t'+^ L)
From (AII-11) we find there is a phase term e c . The constant phase
i lj rT t'e 0 can be put aside. But the linear Doppler phase eJ Jd should be 
compensated before range FFT, otherwise it will induce extra delay.
After along-track Fourier transform, the Doppler frequency o f the data lying within
each azimuth cell is known. So just by multiplying the phase term ej2^ dt in each 
azimuth cell in the two dimensional wavenumber domain, we can compensate the 
Doppler induced range error easily. So the signal becomes,
- j — K R
S1 (Kx,KR) = r e c t ( fy ^ fE )Si„c(Kx -K xo)e-iK^ R‘ -R-)e 2 * (AII.20)
4 jr/Tp / c
Delay Doppler compensation
The last term in (AII.20) can also be expressed as
i A F  \ K X °  !R B it K X 0  ; RB K X 0~ J ~ { X r q +AKr )—y ~ - J " k RQ-— Y~ ~J~y ^ k R ’~ Y ~
e Kro =e Kro e Kro (AII.21)
The first term in (AII.21) is a constant phase term that can be put aside. The second 
term is related to what Dr. Raney has suggested for delay compensation.
Because the delay is sorted by Doppler frequency, we can multiply the phase term
- j ^ - A K RE X 0
e 2 Kro to each Doppler cell o f (AII.21) .
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So it is easy to do delay compensation according to Doppler frequency. After delay 
compensation the signal in two dimensional frequency domain can be expressed as
j  ^ X  0  (R^ R  J
S3(Kx,Kr) = rectj *  )Sinc(Kx - K ^ e ^ ^ e  2**° ' (AII.22)
Ajvylp / c
The only residual phase error in (AII.22) is
1 K2 
A<p(Kx ,K s ) =  - A K R- ^ ( R B - R s ) ,
2 Km
which will induce an extra few millimetres range migration at the edge o f  the antenna 
beam. So it can be completely ignored
Because
= - 4 ^  cos (ad) =_2VXj_ (AII.23)
A 7 2 DA A iijj
(5-27) can also expressed as
(AII.24)
4 7T yTp I c aRb
After range FFT, the energy distributed in the two dimensional frequency domain 
from a point target located in (x,0, (RB -  Rs)) will be mapped back to (x,0, (RB -Rs) ) .
The range Doppler ambiguity compensation and delay compensation can combined 
together in practical compensation.
124
Reference
Abardie, J., Lamboley, M., Raizonville, P., Dumont, J.P., ‘Poseidon Radar Altimeter 
Description and Signal Processing’, Proceeding o f IGARSS’87, Ann Arbor, 18-21, 
May, 1987.
Alex da Silva Curiel, ‘The GANDER Constellation for Maritime Disaster Mitigation5, 
IAA-98-C.1.02, 1998
Allen, T. D., ‘Satellite Microwave Remote Sensing”, John Wiley &Sons, 1983
Allery, N. Mark, Sellers, Jerry Jon and Sweeting, Martin, ‘Results o f  University o f  
Surrey on Orbit Microsatellite Experiments’, CSER internal report.
Barrick, Donald E., ‘Rough Surface Scattering Based on the Specular Point Theory’, 
IEEE Vol. AP-12, No. 4, July, 1968.
Barrick, Donald E., ‘Wind Dependence o f Quasi-Specular Microwave Sea Scatter’, 
IEEE Trans, on AP. 135-136, Jan. 1974.
Berger, Toby, ‘Satellite Altimetry Using Ocean Backscatter’, IEEE Trans, on AP, 
Vol. 20, No.3, May 1972.
Brooks, L.W., Dooley, R. P., ‘Technical Guidance and Analytic Services in Support 
o f Seasat-A’, Final report, NASA-CR-141399, April, 1975
Brown, Gary S., ‘The Average Impulse Response o f a Rough Surface and Its 
Application’, IEEE Trans, on AP, Vol. 25, No. 1, Jan. 1977.
Bucciarelli, T., Cacoparidi, S., Picardi, Seu, G., R., et. al., ‘Tracking algorithm in 
radar altimetry’, Proceedings o f IGARSS ’88 symposium, Edinburgh, Scotland, 13- 
lb, Sept., 1988
Bucciarelli, Tullio, et al, ‘Spacebome Altimeter Design for Ocean and land Missions’, 
ALTA FREQUENZA, Vol. LVIII, No. 2, March-April, 1989
Challenor, P. G., and Srokosz, M. A., ‘The extraction o f geophysical parameters from 
radar altimeter return from a nonlinear surface’, Mathematics in Remote Sensing, 
edited S. R. Brooks, Oxford: Clarendon Press, 1989
125
Chelton, D. B., Walsh, E. J., and MacArthur, J. L., ‘Pulse Compression and Sea Level 
Tracking in Satellite Altimetry’, Journal o f Atmospheric and Oceanic Technology, 
Vol. 6, June, 1989
Cook, Charles E. and Bernfeld, M., ‘Radar Signals: an introduction to theory and 
application’, New York, London, Academic Press, 1967
Cudlip, W., Mantripp, D. R., et al., ‘Corrections for altimeter low-level processing at 
the Earth Observation Data Centre’, Int. J. Remote Sensing, Vol. 15, No. 4, 1994
Curlander, John C., McDonough, Robert N., ‘Synthetic Aperture Radar, system and 
signal processing’, John W iley & Son., 1971
Davies, H., ‘The Reflection o f Electromagnetic Waves from a Rough Surface’, IEE 
(London) Vol. 101, Part IV, 209-214,1954.
Donna L. Witter and Dudley B. Chelton, ‘A Geosat Altimeter Wind Speed Algorithm 
and a Method for Altimeter Wind Speed Algorithm Development’, Journal o f 
Geophysical Research, Vol. 96, No. C5, pp8853-8860, May 15, 1991
Duchossois, G. and Zobl, R., ‘ERS-2: A Continuation o f the ERS-1 Success’, ESA 
bulletin, No. 83, August 1995.
Eber, L. O., and Soule, H. H. Jr., ‘Digital generation o f Wideband LFM waveforms’, 
Proc. IEEE Int. radar conference, 1975
Elachi, Charles, ‘Spacebome Radar Remote Sensing: application and techniques’, 
IEEE Press,
Elachi, Charles, ‘Spacebome radar remote sensing: application and techniques”, IEEE 
Press
Finkelstein, Jay L,, ‘Navy Geosat Follow-on Altimeter Mission’, 
http :/gfo.bmpcoe. org/ Gfo.default.htm
Finkelstein, Jay L., ‘Ocean monitoring by satellite radar altimeter’, AIAA Space 
Programs & Technology Conferences, Mai*. 24-27, 1992, Huntsville, AL.
Frain, W. E., Barbagallo, M. H. and Harvey, R. J., ‘The Design and Operation o f  
Geosat’, Johns Hopkins APL Technical Degist, Vol. 8, No. 2,1987.
Francis, C. R., ‘The ERS-1 radar altimeter mission’, Acta Astronautica Vol. 14, pp 
287-295, 1986
126
Goldberg, Bar-Giora, ‘Digital Techniques in Frequency Synthesis’, McGraw-Hill 
press, 1996
Griffiths, H. D, Wingham, D. J., et al, ‘A Study o f Mode Switching and Fast-Delivery 
Product Algorithms for the ERS-1 Altimeter’, ESA contract report 6375/85/NL/BI, 
1985
Griffiths, H. D., ‘Synthetic Aperture Processing for Full-Deramp Radar Altimeter’, 
Electronics Letters, Vol. 24, No. 7, 31th, March, 1988
Griffiths, H. D., ‘Digital Generation o f High Time-bandwidth Product Linear FM 
Waveforms for Radar Altimeters’, IEE Proceedings-F, Vol. 13, No. 2, April 1992
Hancock, D. W., et al, ‘NOSS altimeter algorithm specifications’, N82-16683, 
(NASA), 1982
Hancock, D. W., Forsythe, R. G. and Lorell, J, ‘Seasat Altimeter Sensor File 
Algorithms’, IEEE Journal o f  Oceanic Engineering, Vol. OE-5, No. 2, April 1980
Jensen, J. R., ‘Design and Performance Analysis o f  a Phase-Monopulse Radar 
Altimeter for Continental Ice Sheet Measurement’, IGARSS’95, Florence, Italy, July, 
pp. 865-867
Jones, W. Linwood, Schroeder, Lyle C., and Mitchell, John L., ‘Aircraft 
Measurements o f the Microwave Scattering Signature o f the Ocean’, IEEE 
Transactions on Antennas and Propagation, Vol. AP-25, No. 1, Jan., 1977
Levrini, G., Borgarelli, L. and Picardi, G., ‘The ERS-1 RA Tracking Algorithms’
Levrini, G., Rubertone, F. S. and Ruhe, W., ‘The ERS-1 Radar Altimeter Instrument’, 
Proceedings o f a Workshop on ERS-1 Radar Altimeter Data Products, Frascati, Italy, 
8-11 May, 1984
Marth, Paul C., Jensen, J. Robert, Kilgus, Charles C., Perschy, James A., MacArthur, 
John L., Hancock, David W., et. al., ‘Prelaunch Performance o f  NASA Altimeter for 
the TOPEX/Poseidon Project’, IEEE Trans, on Geoscience and Remote sensing, Vol. 
31, No. 2, Mar. 1993.
Mavrocordatos, C., Gouenard, S. and Richard, J., ‘A compact Dual-Frequency 
Altimeter for TOPEX/Poseidon Follow-on Mission’, IGARSS 94, Los Angeles
127
McConathy, Donald R. and Kilgus, Charles C., ‘The Navy Geosat Mission: An 
Overview’, Johns Hopkins APL Technical Degist, Vol. 8, No. 2, 1987.
McGoogan, Joseph T., Lee S. Miller, Brown, G S., Hayne, G. S. ‘The S-193 Radar 
Altimeter Experiment’, Proc. o f  the IEEE, Vol. 62, No. 6, June 1974.
McMarthur, John L., Marth, Paul C. Jr., and Wall, Joseph G., ‘The Geosat Radar 
Altimeter’, Johns Hopkins APL Technical Degist, Vol. 8, No. 2, 1987.
Miller, Lee S., Brown, Gary S. and Choy, Lawrence W., ‘Multibeam Radar Altimetry: 
Spacebome Feasibility, IEEE Trans, on Geoscience and Remote Sensing, Vol. 29, 
No. 3, May 1991.
Monaldo, F. M., Goldhirsh, J., and Walsh, Edward, ‘Altimeter Height Measurement 
Error Introduced by the Presence o f Variable Cloud and Rain Attenuation’, Journal o f  
Geophysical Research, Vol. 91, No. C2, PP2345-2350, Feb. 15, 1986
Parsons, Chester L. and Walsh, Edward J., ‘Off-Nadir Radar Altimetry’, IEEE Trans, 
on Geoscience and Remote sensing, Vol. 27, No. 2, Mar. 1989.
Picardi, G., Seu, R., Sorge, S., ‘Extensive Non-coherent Averaging in Doppler Beam 
Sharpened Space Borne Radar Altimeter’, IGARSS’98
Postema, G. B., ‘Generation and Performance Analysis o f Wideband Radar 
Waveforms’, Proc. Radar-87 conference, London, Oct. 1987
Qualcomm, ‘Synthesizer Products Data Book’, Qualcomm Incorporateed, ASIC 
Products, 6455 Lusk Boulevard, San Diego, CA 92121-2779, USA, 1996
Raizonville, P., Zanife, O.Z., Jaulhac, Y. and Richard, J., ‘POSEIDON Radar 
Altimeter Flight Model Design and Tests Results’, IGARSS91, 1991
Raney, R. K., ‘The Delay/Doppler Radar Altimeter’, IEEE Trans. On Geoscience and 
Remote Sensing, Vol. 36, No. 5,1998
Raney, R. Keith, ‘A Delay/Doppler Radar Altimeter for Ice Sheet Monitoring’, 
IGARSS’95, Florence, Italy, July, pp. 862-864
Raymond, S., ‘Modem Radar: analysis, evaluation, and system design’, John Wiley & 
Son., 1965
Resti, A., ‘Envisat’s Radar Altimeter: RA-2’, ESA bulletin, No. 76, Nov. 1993
128
Rey, L., et al, ‘P0SEID 0N 2, the New Generation Altimeter for JASON Mission’, 
Proceeding o f IGARSS99, Hamburg, Germany, 28 June- 2 July, 1999
Ridenour, Louis N., ‘Radar System Engineering’, Dover Publications Inc., 1965
Robinson, I. S., ‘Satellite Oceanography’, 1995, John Wiley and Sons.
Rodriguez, Ernesto, ‘Altimetry for non-Gaussian oceans: height biases and estimation 
o f parameters’, Journal o f  Geophysical Research, Vol. 93, No. C ll ,  Nov. 15, 1988
Sheehan, D. V. and Griffithes, H. D., ‘The effect o f pulse distortion on the height 
estimation o f a radar altimeter’, Int. J. Remote Sensing, Vol. 13, No. 17, 1992
Skolnik, Merrill I. ‘Radar Handbook’, McGraw-Hill Book Company, 1970
Somma, R., Ciarroca, P., Picardi, G., and Pozzolini, G., ‘Radar altimeter phase A  
study: signal processor simulation’, N82 31600 G6/D, Selenia Spa, Roma, Jan. 6, 
1982
Sweeting M.N., ‘Space at Surrey—microsatellite & minisatellite for affordable access 
to space’, CSER internal report. Dec. 1997.
Townsend, William F., ‘An initial assessment o f  the performance achieved by the 
Seasat-1 radar altimeter’, IEEE Journal o f  Oceanic Engineering, Vol. OE-5, No. 2, 
April, 1980.
Walsh, E. J., ‘Pulse-to Pulse Correlation in Satellite Radar Altimeters’, Radio 
Science, Vol. 17, No. 4, July-August, 1982
Williams, Arthur B., ‘Electronic Filter Design Handbook’, McGraw-Hill Book 
Company, ISBN 0-07-070430-9
Wingham, D. J., ‘Onboard Correction o f Mispointing Errors in Satellite Altimeter 
Return’, IEEE Journal o f  Oceanic Engineering, Vol. 13, No.2, April 1988.
Wingham, D. J., Rapley, C. G., Griffiths, H., ‘New techniques in satellite altimeter 
tracking systems’, Proceedings o f IGARSS’ 86 symposium, Zurich, 8-11, Sept.
Woodward, P. M., ‘Probability and hiformation Theory, with application to radar’, 
Pergrmon Press, 1953
129
Sun, Y., Hodgart, S., Sweeney, P. and Sweeting, M., ‘The physical explanation of 
SAR phase function in two dimensional wavenumber domain’, Proceeding of 
IGARSS’99, Hamburg, Germany, 28, June-2, July, 1999
Sun, Y., Hodgart, S., Sweeting, M., ‘Improved sea state monitoring using two-mode 
radar altimeter’, Electronic Letter, 12th, Oct., 2000, Vol. 36, No.21
Zelli, C., et al, ‘RA-2 Radar Altimeter: Instrument FM Model Pre-Launch 
Performance Results’, Proceeding o f IGARSS 98, Seattle, USA, 6-10 July, 1998
Zieger, Alfered R., Hancock, David W., Hayne, George S., ‘NASA Radar Altimeter 
for the TOPEX/Poseidon Project’, Proc. o f IEEE, Vol. 79, No. 6, June 1991.
